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FOREWORD 


The Burroughs Corporation, recognizing the potential importance of 
magnetic-core devices in information processing, sponsored work in 
this field at the University of Pennsylvania in 1947 and 1948. The 
Burroughs Research Center initiated an extensive research program, 
based upon this work and magnetic shift register developments at the 
Harvard University Computation Laboratory, at the time of the 
establishment of the Research Center in March of 1949. 

Work has continued in magnetic metallurgy, in magnetic com- 
ponents, and in circuits and systems using single- and multiple-aper- 
ture core devices for information processing. An early result was a 
magnetic memory for the ENIAC computer. Digital magnetic sys- 
tems have been developed for use in communications, information 
processing systems, and weapon systems; thousands of these systems 
are now performing reliably in the field. The major advantages of 
these magnetic systems over competitive technical systems are low 
power consumption, small size, and, above all, their extreme reliability. 

This book capitalizes upon the extensive background Burroughs has 
developed. It has been jointly supported by the Office of Naval 
Research and the Burroughs Corporation. Since no comprehensive 
text on digital magnetic devices was in existence, it was felt by both 
Burroughs and the Navy that this book would make a useful 
contribution. 

Burroughs extends to the Office of Naval Research its sincere thanks 
for support of this work. Great credit is due the authors of this book, 
both from the Burroughs Research Center and other contributor 
companies. 

Irven Travis 
Vice President 
Burroughs Corporation 
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PREFACE 


The reliability of digital magnetic-core devices, coupled with 
superior resistance to environment, relatively low power requirements, 
and long life, has contributed to a revolutionary growth of technology 
within the relatively short time of the last decade. 

Public announcement of the digital magnetic element followed that 
of the transistor by about eighteen months. Thus, since conception, 
the effort directed toward digital magnetic research and development 
has been overshadowed, and possibly retarded, by the larger com- 
parative effort on the part of the electronics industry to develop 
transistor devices for every conceivable application, including those 
ideally suited for static magnetic elements. However, as a result of 
extensive experience and recent developments in the magnetic-core 
field, and the increased importance of the special demands of space-age 
environments, digital magnetic devices are emerging as worthy com- 
petitors and companions to transistor devices. Extensive field oper- 
ation in severe environments has demonstrated the extremely high 
reliability of magnetic-core systems, and has firmly established the 
practical development of the digital magnetic-core art. Systems pres- 
ently in operation are also characterized by very low power dissipa- 
tion at reasonable speeds, no power dissipation on stand-by, resistance 
to extreme shock, good temperature tolerance, and low sensitivity to 
the effects of nuclear environment compared to minority-carrier semi- 
conductors. The recent introduction of new magnetic devices such 
as multiaperture cores and more exotic logic and memory elements 
indicates a vitality and increasing potential in the field of magnetic- 
core development which is already resulting in rapid expansions in the 
capability and range of application of magnetic-core systems. 

Since the time span has been so short from conception of the devices 
to their full-fledged industrial and military application, a compre- 
hensive documentation of the technology has heretofore not been 
published. This book was conceived and planned by the engineering 
staff of the Burroughs Corporation Research Center, at the request of 
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the Office of Naval Research, to fill the need for a reference text cover- 
ing comprehensively the field of digital magnetic circuits. 

The book is both a tutorial text and a reference handbook describing 
the theory, electrical design, and logical design necessary for the 
development of digital systems using the magnetic core as the basic 
circuit element. Most of the major classes of magnetic-core circuitry 
are included. 

The audience for this book—aside from the design engineer directly 
concerned—might include the digital circuit designer, logical designer, 
or digital circuit user not acquainted with the field covered who desires 
to add to his background a new set of reliable techniques. The pro- 
spective user of digital techniques in general will find it worthwhile to 
investigate the techniques discussed here as well as the more widely 
known vacuum-tube and transistor techniques to give him a broader 
basis for judgment. Even those interested in analog devices—par- 
ticularly in the areas of digital communications, frequency modulation, 
and control—will find it valuable to read portions of the book to obtain 
a different viewpoint toward the solution to their problems. 

Attention is concentrated on core-diode circuits, a major class 
of general-purpose data-handling circuits. Core memories, also 
described, and core-diode circuits comprise the major application of 
magnetic cores. Memories are well documented in the literature; 
core-diode circuits are not. Transistor-magnetic core combinations 
and other specialized circuits are also discussed. Specifically excluded 
are memories employing magnetic tapes and drums, other electro- 
mechanical devices involving magnetic phenomena, and standard 
magnetic amplifiers. 

The reader should have knowledge equivalent to that of a practicing 
engineer experienced in either circuit design or logical design. The 
circuit designer should have a knowledge of circuit theory equivalent 
to that of a graduate electrical engineer. A knowledge of calculus is 
essential to the proper understanding of the magnetic concepts dis- 
cussed; some knowledge of differential equations is desirable but not 
essential. The logical designer should be familiar with the use of 
truth tables, binary arithmetic, and representations of circuits by 
means of logic symbols. Stress is placed upon the magnetic-core 
aspects of circuit design, and on the logical configurations peculiar to 
the use of magnetic-core circuits. It is assumed that the reader is 
familiar with digital circuits using vacuum tubes and transistors. 

The physics and manufacture of the magnetic elements are covered 
only in a minimal fashion to supply a basic understanding of the 

mechanisms involved and to acquaint the reader with the elements 
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available. Units and symbols are covered in some detail, since it is 
one of the purposes of the book to present, where possible, i ainiGed and 
consistent terminology for the techniques covered. The designs of 
generic forms of circuitry are covered as separate entities together with 
the logical designs and configurations, system problems, and packagin 

which apply in each case. cK 
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FUNDAMENTALS 


Part I, which consists of Chapters 1 
through 7, provides basic discussion 
in three fundamental areas: the 
mechanisms of magnetism, the char- 
acteristics of the most important 
circuit components, and the vocabu- 
lary of the parameters, units, terms, 
and symbols used in the book. The 
information in this part is thus 
essential to a proper understanding 
of the following portions of the 
book. 

The material in Chapters 2, 3, and6 
is necessarily brief, but is thought 
sufficient; detailed treatment of the 
subjects of these three chapters is 
available in the literature. Chap- 
ters 4, 5, and 7 are presented in more 
detail, treating subjects not ade- 
quately covered in the literature. 
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INTRODUCTION 


1.1 The Magnetic Core 1.2 Organization of the Book 


Digital magnetic circuits constitute a major class of circuits some- 
what analogous in scope and function to vacuum-tube or transistor 
digital circuits. Several generic forms of digital magnetic circuitry 
and methods of combining circuits into systems have been developed, 
and devices and systems based upon these forms are in extensive use 
in a wide variety of applications. 

Because of the rapid and relatively isolated growth of the field, 
digital magnetic techniques are not asfamiliar as the analogous vacuum- 
tube and transistor techniques, and the terminology is not as standard- 
ized. The literature in the field of digital magnetics is inadequate to 
reflect accurately the state of the art, and represents essentially local 
efforts. It is the purpose of this book to analyze and display the most 
representative forms of digital magnetic circuits under a single cover, 
with a single vocabulary. To the editors’ knowledge, the book is the 
first comprehensive effort in this field. 


1.1 The Magnetic Core 


This book deals primarily with the engineering exploitation of the 
permanent magnet, or magnetic core, as a binary data storage and data- 
processing device. Physicists and metallurgists have developed 
permanent magnets which are specially constituted and constructed to 
permit such practical exploitation. 

The Core as a Data Storage Device. Magnetic cores may be 
magnetized simply and rapidly in either of two directions of magnetiza- 
tion (or magnetic states) with low expenditure of energy. Once mag- 
netized to a given state, a core maintains that state indefinitely without 
further expenditure of energy. The magnetic core is consequently an 
efficient binary data storage device. 
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6 _ Digital Applications of Magnetic Devices 


The Core as a Data-Processing Device. The magnetic state of a 
core may be changed by the application of a suitable field. The 
change is detectable in the form of voltages induced across windings on 
the core. Voltages so induced from a core or group of cores may be 
processed through electric circuitry to communicate data to other 
systems, or to produce magnetic fields which serve as inputs to other 
cores. Complex patterns of cores may be arranged to perform a 
variety of logic and arithmetic manipulations with the input data. 
Thus, binary data stored in a set of cores may be processed. Data 
processing requires the expenditure of energy from an a-c power source 
or from a pulse power source; the power source may be a single- 
phase or a multiphase device, depending upon the type of circuitry 
used. 

Important Aspects of the Core. The idea of using the magnetic 
core as a major component in a storage system or data-processing 
system is attractive for the following reasons: 


1. The core as a basic component is essentially magnetic material 
with windings. The component is mechanically and chemically 
stable, and, once tested and found acceptable, may be depended upon 
to operate indefinitely. Properly constructed cores operate reliably 
under wide ranges of temperature, high mechanical shock, and heavy 
radiation. 

2. The core is a natural storage device. With a suitable system for 
introducting data to and extracting data from a system of cores, large 
storage systems may be built wherein any group of data is available 
in a fraction of a microsecond. Furthermore, the system stores data 
for long periods of time without expenditure of energy. 

3. In medium-speed and low-speed data-processing systems, energy 
expenditure is low. Energy is expended only while the data is being 
processed. At very low speeds, the average power consumption of 
complete systems may be only a few milliwatts. 

4. With properly constructed cores, cross talk between cores is 
very low and immunity to outside interference is very high. 


Utilization of the Core. Engineering use of the magnetic core 
began with the development of suitable materials. Materials develop- 
ment began as early as 1926,! with later developments reported in 
1934,? 1947, and 1948.4 Storage applications were considered as early 
as 1945.5 Data-processing applications were reported as early as 
1948,78 and were extended in 1950.%'' Since that time, several 
industrial organizations have become involved in the large-scale 
development of magnetic devices, circuits, and systems. 
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1.2. Organization of the Book 


In the bulk of the book, emphasis is placed upon circuit design, 
functional (logical) design, and systems considerations of digital sys- 
tems using permanent magnets. One chapter (Chapter 29) is con- 
cerned with analog applications of transistor-magnetic circuits. 
Another chapter (Chapter 30) describes digital circuits using non- 
permanent magnets. A section of one chapter (Section 26.3) dis- 
cusses a superconductive method of storage. Sections of Chapters 
27 and 29 discuss the use of permanent magnets in nonbinary digital 
applications. Except for these, and some of the chapters in Part I, 
the entire book is concerned with the use of permanent magnets in 
binary digital applications. 

A large portion of the text is concerned with magnetic amplifiers of a 
special class here termed magnetic pulse amplifiers. Magnetic pulse 
amplifiers provide full response in a single power cycle. This charac- 
teristic is in contradistinction to that of the standard types of magnetic 
amplifiers (here termed carrier magnetic amplifiers), which require 
several power cycles for full response. Except for Chapter 30, 
which discusses a particular type of carrier magnetic amplifier well 
adapted to digital operation, carrier magnetic amplifiers are specifically 
excluded. 

Fundamentals. The fundamentals underlying most of the generic 
circuit forms described in later chapters are discussed in Part I (Chap- 
ters 2 through 7). The basic principles of magnetism are discussed in 
Chapter 2, and the mechanism of permanent magnetism in Chapter 3. 
A basic vocabulary for magnetic parameters, units, conversions, and 
dimensions is provided in Chapter 4. Magnetic cores are discussed as 
circuit elements in Chapter 5. All of these chapters are prerequisite 
to a proper understanding of magnetic cores as used in circuits and 
systems. A short discussion of diode and transistor characteristics 
(particularly those of interest in core circuitry) is presented in Chapter 
6. The principles and vocabulary of functional operation are pre- 
sented in Chapter 7; this chapter provides the groundwork for the 
combination of circuits, as functional entities, into subsystems and 
systems, and is prerequisite to the discussions of logical design in 
following chapters. 

Core-Diode Circuits. The largest and most detailed treatment in 
the book involves three major types of core-diode circuits. Core-diode 
circuits (magnetic pulse amplifier circuits in which the most important 
elements are cores and diodes) comprise the largest body of magnetic 
data-processing circuits presently in existence. The three types dis- 
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cussed are the parallel magnetic pulse amplifier (PMA, Part II); the 
delay parallel magnetic pulse amplifier (delay PMA, Part III); and the 
series magnetic pulse amplifier (SMA, Part IV). Hach type was 
developed separately and applied differently to the general problem of 
data processing. 

A wide variety of highly reliable circuit types in a wealth of func- 
tional configurations may be accurately designed from the extensively 
analyzed PMA design procedures. The simplest PMA circuit is also 
the simplest core-diode circuit, comprising simply a core, a set of wind- 
ings, and a diode. PMA circuits, however, are not inherently high- 
speed circuits, and most systems require multiphase timing. 

Delay PMA circuits are inherently capable of higher speed than 
PMA circuits, and require only a single timing phase. Of the three 
types, the delay PMA circuit appears to be the most difficult to design 
precisely on paper. On the other hand, a single circuit type suffices 
for most applications. 

The SMA circuits are capable of high-speed operation. Complete 
systems can operate from a single source of power, but two timing 
phases are required. Circuitry can be restricted to a few types that 
are reasonably designable on paper. Standard types of functional 
configurations are used so that, of the three types, SMA circuit func- 
tions most closely resemble those of vacuum-tube and transistor 
circuits. 

Memories. Magnetic devices have played an important role in 
data storage for some time. Most of the data storage, or memory, 
systems in use today are magnetic. Part V deals mainly with mag- 
netic-core memories. Magnetic-tape and magnetic-drum memories 
are specifically excluded. 

The fundamental principles underlying all magnetic-core memories 
are presented in Chapter 22. Specific types of magnetic-core memories 
are described in Chapters 23, 24, and 25. Chapter 26 discusses 
recent memory developments in which magnetic elements other than 
cores are used. Inall of the chapters in Part V, systems considerations 
receive the greatest stress, for the magnetic circuit design involved is 
relatively trivial. 

Transistor-Magnetic Circuits. Transistor-magnetic pulse amplifier 
(TMA) circuits (circuits in which the most important components are 
cores and transistors in combination) are functionally similar to core- 
diode circuits, but have greater flexibility of application, TMA 
circuits, described in Part VI, have analog applications as well as 
digital applications. (A second type of transistor-magnetic circuit, 
the delay 7M A, is described in Chapters 14 and 15.) 
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Other Circuits. Two other circuit types are discussed in Part VII. 
The ferroresonant carrier magnetic amplifier (CMA) circuit (Chapter 
30) uses nonpermanent magnets in digital applications. The multi- 
aperture-core magnetic pulse amplifier (MMA) circuit (Chapter 31) is a 
generic form of circuitry in which specially constructed cores having 
multiple apertures are the only components necessary. 

The MMA circuit described is one type of a growing class of new 
circuits in which no semiconductor devices need be used in the data- 
processing circuitry. Typically, the cores used are more complicated 
than those employed in core-diode circuits. 
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BASIC 
MAGNETISM 


2.1 Magnetic Fields 2.3 Magnetic Fields Inside a Material 


2.2 Magnetic Field and Electric Cur- 2.4 Magnetic Field and Electric 
rent Relationships Voltage Relationships 


Electricity and magnetism are names given to concepts derived from 
certain physical phenomena. Knowledge of these concepts developed 
separately in the early history of scientific investigation, but the two 
have since been found to be closely interrelated. Electricity and mag- 
netism are thought of today as different aspects of the single concept of 
electromagnetism. Both concepts are familiar to engineers and tech- 
nicians, but electricity seems to be more thoroughly understood. 
This book concerns the design and use of certain magnetic devices; 
this chapter provides a discussion of the basic concepts and terminology 
of magnetism needed for a proper understanding of these devices. A 
basic knowledge of electricity is assumed. A more thorough treat- 
ment of the two basic concepts, in terms of electromagnetism, can 
be obtained from any standard text of theoretical physics or wave 
propagation.! 

An approach which has been quite successful in explaining mag- 
netism considers magnetism to be an effect of electric current. Many 
magnetic phenomena have been explained quantitatively in these 
terms, and all magnetic phenomena qualitatively. To succeed with 
such an approach, the concept of electric current must be broadened to 
include any electric charge in motion. The most familiar form of 
electric charge in motion is electric current in a wire. Less familiar 
forms are ion flow in liquids, electron beams in space, and eddy cur- 
rents in conductors. Each of these forms produces a magnetic field. 

Since the approach is successful, the concept of magnetism, in the 
10 
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abstract sense, is explained in Section 2.1 as an effect of electric cur- 
rent. It is somewhat more difficult to explain natural magnetism in 
materials, even though materials having natural magnetic strength 
were the basis of the original discovery of magnetism. These materials 
are called ferromagnetic materials. Iron compounds are the most 
common natural ferromagnetic materials, hence the use of the prefix 
“ferro-.’ There are also nonferrous ferromagnetic materials. The 
subject of ferromagnetism is discussed in detail in Chapter 3. 

Explanations of the phenomenon of natural magnetism are sought 
in terms of electric currents, which are subatomic charges in motion. 
Subatomic charges in motion include the apparent spins of atomic 
nuclei, planetary electrons apparently revolving in orbit, and elec- 
trons apparently rotating on their own axes. This last effect is called 
electron spin. Electron spin appears to be mainly responsible for 
ferromagnetism. 


2.1. Magnetic Fields 


Plectricity, magnetism, and gravity are all observable in terms of 
forces acting between bodies over a distance, even though the bodies 
may be separated by a vacuum. It is not known how forces can be 
produced between physically separated bodies, but the occurrence of 
such forces can be observed. To evaluate these occurrences in a 
quantitative manner, the concept of vector fields has been developed. 
This book is primarily concerned with the magnetic form of vector 
field. 

The important concepts and terminology of magnetic fields are 
oxplained in terms of electric current (in amperes) and electric voltage 
(in volts). If magnetism is to be considered as an effect of electric 
current, then this current, the causative agent, should be considered 
first, The relations between a magnetic field and voltage are dis- 
cussed later (Section 2.4). By relating magnetic fields to voltage, the 
basis for voltage-current relations in magnetic devices is established. 
‘This permits not only the consideration of magnetic devices as circuit 
elements in later chapters, but also the establishment of design 
parameters for these elements. 

If two or more wires carrying current are placed in close proximity, 
forces tending to move the wires are observed. These forces are 
explained qualitatively by considering that the magnetic field produced 
by one wire carrying current acts upon the other wires carrying cur- 
rent, A magnetic field caused by the current in a given wire and exist- 
jng in a region of space is a vector field, wherein every point in the 
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region of space is described by a vector value H. This value describes 
the ability of the field to produce force at that point on another cur- 
rent. The vector H, then, is a function of current at a distance, and 
describes the force producing properties of one electric curves: on 
another electric current. 

With the H concept established, it is no longer necessary for us to be 
concerned with the forces involved. These forces may be determined 
from H, if required. The primary importance of H is that it permits 
mathematical manipulations which disclose many other important 
properties of magnetic fields, in addition to that of force production. 
The value H can, in fact, become the basic defining quantity of a 
magnetic field from which all other attributes of the magnetic field 
then stem. Many names have been applied to H, including magnetic 
hield strength, magnetic field intensity, magnetic intensity, and mag- 
netizing force. The last term arises from the effect of the H of exter- 
nally applied fields in producing magnetism in materials. This effect 
is explained in detail in Section 2.3. The absolute magnitude of H 
has the symbol H. 


2.2 Magnetic Field and Electric Current Relationships 


The basic relationship between magnetic field quantities and electric 
current is called Ampére’s law. The law exists in two forms: the 
differential form and the circuital form. The differential form is the 
more basic in that it relates H to electric current. The circuital form 
is derived from the differential form and is generally more useful from 

a device standpoint. 


dl 
[rr tm Ampére’s Law (Differential 
I t) a g Form). The differential form of 
: Ampére’s law describes a method 


of obtaining the value of H at a 
point in space caused by a cur- 
rent in some other region of 
P space. According to this law, if 
FIG. 2.1. Basic magnetic field versus current J flows toward a point 
electric current relationship. B (Fig. 2.1) through an infini- 
tesimal length dl at a poi 
the H at point P caused by I has an srifinitéeinalarcstadiln al 
is given by 


_ Lsin dl 


CL Bea (2.1) 
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where r is the distance AP and @ is the angle PAB. If B, A, and P 
are in the plane of the paper, the direction of dH at P is defined as 
perpendicular into the paper. 

From Eq. 2.1, the H at any point P due to a current I flowing 
through a length 1 in space is the vector sum of all of the dH com- 
ponents produced by each infinitesimal section dl of this length, 
throughout the path of the current. Thus, if a current J flows about a 
circular path of radius R, all of the dH components at the center of the 
circle are in the same direction. Therefore, at this point, 


I sin 6 dl 
H= $y _ 


integrated around the circle. Since in this case 6 = 90°, and since 
dl = R da, where a is the angle subtended by path length J, 


Ida 1 
0 4xR 2K 


(2.3) 


The direction of H is that of a right-hand screw turning in the direction 
of the current. If the circular path is composed of a number N of very 
closely spaced turns of wire carrying current J, the H of eq. 2.3 becomes 
NI/2R. If J isin amperes and N is in turns, the dimensions of H are 
ampere-turns per unit length. In the system of units used in this 
book (the rationalized mks system, Chapter 4), the unit of H is the 
ampere-turn/meter. The rationalized mks system is used for ease in 
relating magnetic parameters to circuit parameters. 

To obtain H anywhere along the axis of the circular path at a 
distance X from the center of the circular path, the integration of eq. 
8,1 is much more difficult, for each dH element has a different direction. 
Nevertheless, the integration can be done, with the result that 


Heit (5) (ree z =a) we 


Determinations of H at points not on the axis become even more 
difficult. It can be seen, therefore, that H is not always easy to 
evaluate. Fortunately, Ampére’s law can be stated in a more easily 
evaluable form; this is the circuital form, which introduces the concept 
of magnetomotive force. 

Ampére's Law (Circuital Form). The circuital form of Ampére’s 
lww is obtained by a mathematical manipulation of H. This manipula- 
tion is performed to supply a very simple and very useful magnetic 
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concept. The manipulation involves integration of a vector com- 
ponent along a path in space. 

More specifically, if an H field exists in a region of space, a value of H 
may be stated for each point in the region. The component of H 
along an infinitesimal portion dl may be found for any path in this 
region. The component is H cos 6, where 6 is the angle between H 
and dl. The line integral of H cos 6 dl from any point A to any point 
B over the path 1 is called the magnetomotive force (abbreviated mmf 
and symbolized F) of the path. The value of F of the path is therefore 


Fan = [,) Hos 0dl (2.5) 


Magnetomotive force has important properties. It can be proved 
mathematically that in a region of space containing no current, F 
from A to B is always the same regardless of the path taken.' The F 
around a closed path is zero; F from B to A is the negative of F from 
A to B. 

If the closed path is taken around a current J, the mmf is: 


PF = $ Heos6dl = 1 (2.6) 


This is the circuital form of Ampére’s law; the statement is true 
regardless of the path taken as long as the current J is the net current 
enclosed by the path. If two wires, each carrying a current J in 
opposite directions, are enclosed by a path of any shape or dimensions, 
the net current enclosed is zero. If N wires each carrying a current 
I, with the direction of J the same in all wires, are enclosed, the net 
current is NJ. Thus, 

F=NI (2.7) 


Equation 2.7 is an important basic equation. 

If a closed path is taken through the center and around the outside of 
a coil (or winding) of N turns carrying a current 7, the net current 
enclosed is NZ. The measure of mmf, then, is current-turns. In 
the rationalized mks system, the unit of mmf is the ampere-turn. 
(For convenience, the symbol N is used to indicate both a given winding 
and the number of turns in the winding and is always an integer; 
N1 uniquely labels ‘‘winding number 1,” and N; represents the integer 
expressing the number of turns in N1.) 

Magnetomotive force is important in that it is entirely current- 
oriented, and does not depend upon geometry. The mmf for N 
turns of J amperes each is NJ ampere-turns, regardless of the geo- 
metrical conformation of H. The vector field may be distorted out of 
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all recognizable shape by the effects of other nearby fields. Regardless 
of this distortion, the H field must be so shaped that a closed path 
integral of H cos 6 dl about a net current of NJ is equal to NTI. 

The fact that F = NI is helpful in calculating H in uniform fields 
where H is constant around a path. One suchcase is that of a very long 
straight wire of circular cross section. If a circular path is taken at a 
radius R from the wire, the closed path integral is 2rRH. If a current 
I flows in the wire, F = J. Thus, 2rRH = F = IJ, and 


I 
H =— 
ae (2.8) 


Another case of a uniform field is that of a circular toroidal coil 
having N closely spaced turns of fine wire carrying a current J. If 
the coil has a uniform cross section, the H field is constant along any 
circular path concentric to the axis of the toroid. If the path is taken 
outside the coil, F = 0, and H = 0 and no field, then, exists outside the 
coil. If the path is taken inside the coil, F = NJ. If the path is 
taken at a radius R from the axis of the toroid inside the coil, the path 
length is 27R, and 

NI 


1 
2QrR (2.9) 


In general, where H is constant along a closed path of length J, 


F 
Ho = (2.10) 
‘This equation is extremely important to the material in later chapters, 
for most of the situations involve fields where nonuniformity may be 


hoglected. 


2.3 Magnetic Fields Inside a Material 


The concept of subatomic charges in motion inside a material has 
heen mentioned. These charges in motion may be considered as 
very small current loops. A tiny H field is associated with each of 
these loops. Collectively, the H fields produce forces on the sub- 
atomic current loops, tending to align the loops so that the H fields 
(ond in the same direction. The loops are more or less easy to align, 
depending upon the structure of the material. The natural H field, 
or intrinsic field H;, of a material is the vector sum of all of these tiny 
vector components. 
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If an external field H is applied, the total field Hr in the material is 
the sum of the intrinsic field H; and the applied field H. The intrinsic 
field may be affected by the applied field. The applied field, therefore, 
is also called the magnetizing force. In equation form, 


H, = H+ 8; (2.11) 


The field in the material, then, is H7, and not H. Rather, inside the 
material, H is the component of the total field used to express the effect 
of outside sources. The mmf due to H is expressible in terms of cur- 
rents outside the material. Outside of the material, in vacuum, H; 


Gap 
ware”, 
ea) 


FIG. 2.2. Toroid with gap. 


disappears, so that H and Hr are the same. To a high order of 
accuracy, air may be considered vacuum as far as magnetic effects 
are concerned. 

The mmf and Hy concepts are both very important to a proper 
understanding of the operation of magnetic devices. It is known, for 
example, that a toroid of magnetic material having a thin air gap 
shows less Hr than a toroid of the same material without the air gap. 
The demagnetizing effect of an air gap can be explained in terms of 
mmf and Hr. The circular toroid in Fig. 2.2 is assumed to be of con- 
stant cross section, and to be composed of a homogeneous magnetic 
material. It is assumed that H; is uniform throughout the material of 
the toroid and is everywhere perpendicular to the radial cross section 
of the toroid. With no external field applied, Hr = H;. It is next 
assumed that a thin radial slice, subtending an angle a, is removed from 
the toroid to form a gap. If a is small enough, the Hr field is essen- 
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tially undistorted and crosses the gap at right angles to the sliced 
surfaces. In the gap, Hy = H. Since no mmf is applied, the line 
integral of H cos 6 dl about any closed path is zero. If the path is 
taken at a radius R from the axis of the toroid, through the material 
and through the gap, 


0 = [ HRdB = (Hra + Ha(2r — a))R (2.12) 


where Hq is the H field magnitude within the material, and the angle 8 
is the variable of integration. From eq. 2.12, 





Hra 
Hag = - >= 
d 8 ang (2.18) 
I'rom eq. 2.11, 
Ara 
Hr = H; — ——— . 
‘i 2r —a Ad 
Therefore, 
2 = 
Hr = H; UU (2.15) 
2Qr 
and 
Qa 
Ha = —H; = ‘ 
a en (2.16) 


Because of the gap, Hr < H;, as expressed by eq. 2.15. The field 
I1q is the demagnetizing field caused by the gap. To restore Hy to its 
original value, an mmf of H;Ra may be applied externally. 


2.4 Magnetic Field and Electric Voltage Relationships 


The concepts relating electric currents and magnetic fields have been 
discussed. To provide a basis for relating magnetic devices to circuits, 
& concept relating magnetic fields to electric voltage must also be 
(liscussed. 

Magnetic Flux. To understand the magnetic field and electric volt- 
ge relationships, the concept of magnetic flux must first be established. 
In any vector field, the flux of the field is defined as the surface integral 
of the product of an infinitesimal surface element ds and the com- 
ponent of the vector normal to the surface element. The flux of an 
Hy field is called magnetic flux ¢, &. If an Hp field is uniform and 
perpendicular to a surface of area A, the flux of Hy in the area A is 
lly A, Uf Hy is expressed in ampere-turns/meter, and A is expressed 
i) square meters, the flux of Hy is expressed in ampere-turn-meters. 
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Faraday’s Law. The basic law linking magnetic fields to electric 
voltages is Faraday’s law. For the specific purposes of this book, a 
general statement of Faraday’s law is of little use. A somewhat less 
general (and more appropriate) statement of the law is that if a wind- 
ing of N turns encloses an Hy flux ¢, and the flux is caused to change 
with time at a rate d¢/dt, a voltage v is induced across the windings 
such that 


ee 
ya NS (2.17) 
or 
1 t 
— xh vdt + (2.18) 


where ®p is the initial value of flux. 

A difficulty with units arises. If ¢ is in ampere-turn-meters, and 
t is in seconds, the voltage unit is quite different from the familiar volt. 
To overcome this difficulty, and thus simplify calculation, the unit of 
¢ is derived from the volt rather than from Hr units. This ¢ unit is 
called the weber (W), and is a volt-second/turn. Thus, a change of 
flux of one weber/second induces one volt across one turn. 

Magnetic Induction. Since the unit of flux has been changed to be 
consistent with the volt, the ampere-turn/meter unit of Hy is no longer 
convenient. Rather than express quantities related to H in two sets 
of units, a new vector is introduced. This vector is called magnetic 
induction, or flux density, B, and is identical to Hy except for the unit 
of expression used. 

In this way, H fields are expressed in terms of currents and B fields 
in terms of voltages. The measure of B is flux per unit area. The 
unit of B is the weber/square meter. The constant of proportionality 
between B and Hr has the symbol yo. From eq. 2.11, 


B = woH? = wo(H + Hi) (2.19) 


The H; of the material may also be expressed in terms of magnetic 
induction, where 

B; = oH; (2.20) 
and 

B = poH + B; (2.21) 


where B; is the intrinsic induction? or magnetization of the material. 
The foregoing relationships are established to provide easy handling 

of magnetic units in terms of electrical units. Applied fields are cur- 

rent-oriented. Magnetomotive force is expressed in ampere-turns, 
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and H is expressed in ampere-turns/meter. Total fields are voltage- 
oriented. Flux is expressed in volt-seconds/turn (webers), and mag- 
netic induction in webers/square meter. The constant po is introduced 
to permit interrelation of voltage-oriented and current-oriented 
quantities, where 


bo = 4x X 1077 = 1.257 X 10~® weber/ampere-turn-meter 


Thus, if a uniform H field in space varies at the rate of one ampere- 
turn/meter-second, and a single open turn of wire enclosing an area of 
one square meter is set with the plane of the turn perpendicular to the 
field, the voltage induced across the ends of the wire is 4x X 1077 volt. 

The constant yo is called the permeability of space. Permeability yu 
is defined as the ratio of B to H. In the specific case of the ratio of 
B to Hr, Hr is the same as H in space. Therefore, uo is the permea- 
bility of space. 
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FERROMAGNETISM 


3.1 The Hysteresis Loop 3.4 Fabrication of Magnetic Cores 
3.2 Mechanisms of Ferromagnetism 3.5 Properties of the Ideal Digital 
3.3 Dynamics of Ferromagnetism Magnetic Core 


The permanent magnet is a basic digital device. Such magnets 
may be magnetized in either of two directions by the application of 
suitable mmf. Once magnetized in a given direction, a magnet retains 
that direction of magnetization indefinitely unless a further applica- 
tion of mmf occurs. Sufficient mmf of opposite polarity causes the 
magnet to be magnetized in the opposite direction, and after removal of 
mmf the magnet retains the new direction of magnetization. Magnets 
commonly used in digital applications remain strongly in one of two 
essentially well-defined magnetic states, and are thus said to be 
bistable. 

If one direction of magnetization is arbitrarily called the ONE STATE, 
and the other is called the zERO STATE, a magnet is easily used as a 
binary digital device. Furthermore, since either magnetic state is 
retained indefinitely without further application of mmf, the magnet 
can be utilized satisfactorily as a binary storage or memory device. 

The major portion of this book is concerned with the use of perma- 
nent magnets specially constructed specifically for use as digital 
devices in data-processing applications. This chapter briefly sum- 
marizes the mechanisms of permanent magnets and the relevant 
properties and fabrication details of permanent magnets used as 
typical digital devices. Chapter 2 is prerequisite to much of the 
material in this chapter. 


3.1 The Hysteresis Loop 


Certain materials exhibit a B vector directly proportional to the H 
vector applied. Permanent magnets cannot be formed of such 
20 
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materials, for B is always zero when H is zero. In certain other 
materials, the B vector is not directly proportional to the H vector; 
the B vector is not necessarily zero when H is zero. This property is 
called magnetic hysteresis (hereinafter called hysteresis). Any mag- 
netic material exhibiting a marked hysteresis characteristic may be 
used to form a permanent magnet. When an H field of sufficient 
magnitude is applied to a specimen of such material, a B field results 
which does not completely disappear when the H field is removed. 


Saturation 


Knee 


Instep 


H 


FIG. 3.1. Magnetization curve. 


Such a magnet is said to exhibit the property of retentivity; magnetic 
flux is retained. 

Hysteresis is a property of many materials in a class called ferro- 
magnetic materials. A material is defined as being ferromagnetic if, 
when a sample of such a material is initially demagnetized (B = 0 
when H = 0) and an Z field is then applied in the proper direction, 
the resulting B is significantly greater than woH (Chapter 2). The 
ratio of B to H (called permeability u) typically may be as low as 1.10, 
and as high as many thousand times po.! 

If a typical ferromagnetic material is in the demagnetized state, the 
fields of the subatomic current loops cancel. If a small H is then 
applied in the proper direction, the loops tend to become aligned in a 
direction to aid H, a B; results, and the permeability is greater than 
wo. As Hl is increased, the permeability increases and the slope of 
the B-H curve (instep of Fig. 3.1) increases. As H is further increased, 
a value of B; is approached wherein all of the alignable subatomic cur- 
rent loops become aligned. When this value is reached, B;.can increase 
no further and the material is said to be saturated. Before saturation 
in reached, the slope of the B-H curve decreases (knee of Fig. 3.1). 
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The complete B-H curve thus formed is called the magnetization curve 
(Fig. 3.1). In most cases, the magnetization curve may be observed 
only as an initial effect; once magnetized, a ferromagnetic material 
tends never again to regain its original zero magnetism. 

As H is reduced to zero, B; does not return to zero. Alignments 
once formed in a ferromagnetic material tend to remain. Magnetic 
induction B returns to a value (point C of Fig. 3.2) very close to the 
saturation value (point A of Fig. 3-2). This value of B in the material 
after the removal of H defines the residual state of the material. (It 
is important that the term “residual”? be associated with a material 
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FIG. 3.2, Major hysteresis loop, ferromagnetic material. 


and not with a specimen of the material, since the geometry of a given 
specimen affects the hysteresis properties of the specimen, as is dis- 
cussed below.) As H is applied with increasing amplitude in the 
inverse direction, alignments tend to hold until H reaches a critical 
threshold. At this threshold, alignments start to reverse. Once 
reversals start, most of the subatomic current loops tend rapidly to 
become inversely aligned, and B; shows a very sharp change in the 
inverse direction (D to E of Fig. 3.2). If H is decreased to zero and 
again applied in the original direction, a similar B-H curve is obtained 
(FGJEKA of Fig. 3.2). The complete closed curve is called the major 
hysteresis loop of the material. If H is applied in cyclic fashion 
as above but with lower peak amplitude so that saturation is not 
closely approached, the resultant closed B-H curve is called a minor 
hysteresis loop. Both major and minor loops are employed in digital 
applications. 

Square or Rectangular Hysteresis Loops. Hysteresis loops of 
many ferromagnetic materials are typically almost flat-topped and 
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almost vertical-sided. Materials which exhibit these square or 
rectangular hysteresis loops (Fig. 3.3) are classified as square-loop 
materials. Other ferromagnetic materials exhibit hysteresis loops 
which are not square or rectangular (Fig. 3.4) and are classified as 
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"1G, 3.3. Square hysteresis loop obtained from Burroughs Corporation magnetic 
gore EID type 231-001. 
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FIG. 3.4. Hysteresis loop of nonsquare material. 


nonsquare materials. The degree of squareness, then, of the hysteresis 
loop, is significant, and a ratio, the squareness ratio S, is often employed 
to indicate the degrees of squareness of various materials. The 
aquaroness ratio is the ratio, in the hysteresis loop, of the induction 
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difference between remanent states to the induction difference between 
points of maximum applied magnetizing force. 

Devices composed of ferromagnetic materials tend to have flux-mmf 
curves similar to the B-H curves of the material. The flux-mmf curve 
of the device is also called a hysteresis loop. The geometry of the 
device has some effect on the squareness of the hysteresis loop. Fora 
given geometry, however, a device made from a square-loop material 
has a hysteresis loop more square than that of a device made from a 
nonsquare material. Hysteresis loop terminology for devices follows 
that for materials except that the condition corresponding to a residual 
state is called a remanent state. The two remanent states resulting 
from alternate applications of saturating mmf are called major rema- 
nent states; all other remanent states are minor remanent states. 

Square-loop devices are useful in digital applications, for flux tends 
strongly to have a value near one of the remanent states. Once near 
one of these states, the value of flux tends to remain constant indefi- 
nitely (for years) unless disturbed by a sufficiently strong mmf in the 
direction of the other remanent state. Further, a more or less sharply 
defined remagnetization threshold value of mmf exists; an applied 
mmf slightly greater than this value in the direction opposite to a 
given remanent state alters the alignment of the material, leaving the 
material in the other remanent state, whereas an applied mmf slightly 
less than this value has essentially no effect on the existing remanent 
state. In addition, values of mmf of virtually any practical amplitude 
applied in the direction of an already existing remanent state have 
essentially no effect on this state. These properties can be effectively 
exploited for digital applications by considering one remanent state to 
represent storage of a binary onzE, and the other remanent state to 
represent storage of a binary zERO. The tendency to remain in a given 
state is also conducive to low energy consumption, since no energy is 
required to hold a state. 

Effects of Environment on the Hysteresis Loop. It may appear to 
be implied that ferromagnetic materials are unaffected by outside 
influences, such as temperature variation and mechanical shock. Such 
an implication is not true. Resistance to these influences is dependent 
upon the material selected and the method of fabrication employed. 
However, shocks of as high as many thousands of gravities have been 
applied to ferromagnetic devices used in digital applications without 
changing the inherent magnetic characteristics of the materials. 
Further, if the material is near one of the major remanent states, little 
change in magnetic state is observed under these shock conditions. 
A binary ONE remains a ONE, a ZERO remains a ZERO. Nevertheless, 
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under sufficient shock, changes do take place. Experience shows that 
properly constructed cores can withstand 20,000 gravities without loss 
of data and without significant change in characteristics. 

The magnetic properties of all ferromagnetic materials vary with 
temperature. All such materials display a Curie temperature,? or 
Curie point, at which ferromagnetic behavior essentially ceases. 
Typically, the B; of ferromagnetic materials at saturation decreases 
with temperature (Fig. 3.5), until it essentially disappears at the Curie 
point. At lower temperatures remote from the Curie point, the change 


Q 
S 
$s 
Ss 
o 
25 
o 
°° 
ga 
£8 
5 , 
£ Curie 
- point 
0 


Temperature 


"NG, 3.5. Effect of temperature upon magnetic induction, typical ferromagnetic 
material. 


in B; at saturation is small and is relatively linear with temperature. 
A negative temperature characteristic also exists for the width of the 
liysteresis loop; the loop becomes narrower as temperature increases. 
The Curie point is a characteristic of the material composition and 
atructure. For any given application, and depending upon the tem- 
peratures of operation, the choice of material is determined to some 
extent by the Curie point. By proper alloying of various types of 
materials, Curie points of from below 0°C to 1000°C may be obtained. 


5,2. Mechanisms of Ferromagnetism 


The mechanisms of ferromagnetism are based upon the electron spin 
concept. This concept has been verified experimentally, and is a 
\iseful and accepted part of quantum mechanics. Qualitative inter- 
protations of electron spin effects in ferromagnetic materials are useful 
in explaining most of the phenomena observed. 

Materials Exhibiting Ferromagnetism. Ferromagnetism stems 
from the interactions between electrons.2-* In every atom, the associ- 
(tod electrons spin on their own axes, forming small current loops 
which produce tiny B; fields. In the individual atoms of a material, 
(howe spins may not be balanced because of the interaction with the 
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electrons of near neighboring atoms. In most cases, however, when 
groups of atoms form molecules and crystals, the B; fields cancel. 
Among the elements, iron, cobalt, and nickel are exceptions. In 
these three elements, small samples of material show a net electron 
spin, so that a net B; field exists. Of these three ferromagnetic ele- 
ments, iron has the strongest net spin, nickel the least net spin. 
Alloys of ferromagnetic materials are also ferromagnetic—the material 
most commonly used for digital magnetic devices is nickel-iron alloy— 
and alloys of ferromagnetic and inherently nonferromagnetic materials 
may be ferromagnetic. 

Materials Exhibiting Ferrimagnetism. In ferromagnetic materials, 
the B; vectors of neighboring ions tend to align parallel-aiding. In 
certain alloys, however, and in certain of the ceramic materials called 
ferrites? (Section 3.4), the B; vectors of neighboring ions tend to align 
parallel-opposing. This property of parallel-opposing alignment is 
called antiferromagnetism.2, In a material exhibiting this property, 
the B; vectors due to electron spins cancel. In some of the ferrites, 
the cancellation is incomplete, so that a net B; exists. This property 
is a type of ferromagnetism called ferrimagnetism.? Ferrimagnetic 
materials behave like ferromagnetic materials except for the reduced 
magnitude of B; at saturation. Ferrite cores are composed of ferri- 
magnetic ferrite materials, and are used extensively, principally in 
memory applications. 

Ferromagnetic Domains. A group of neighboring ferromagnetic 
atoms tends to act as a single magnetic entity, where the B; vectors 
due to the net electron spin are all in the same direction. A saturation 
B; vector is always associated with such a group. Each group is 
called a ferromagnetic domain (or simply a domain). Adjacent domains 
have different directions of B; The magnetic moment of each domain 
is the product of its volume and its B;. The net B; for a small sample 
of material containing a number of domains may be considered the 
vector sum of the magnetic moments of the domains divided by the 
volume of the sample. 

The transition region between two domains is called a domain wall. 
These walls are visible in photomicrographs of ferromagnetic material 
specially prepared by means of a process using fine magnetic particles 
suspended in liquids.”.§ The particles concentrate at the walls and at 
pit holes and other discontinuities. Typically, the distance between 
walls is 0.1 mm and the wall thickness is 10~* mm. 

Domain Wall Motion and Rotation. Application of an H field to a 
sample of ferromagnetic material tends to disturb the orientation and 
arrangement of domains so that some domains grow at the expense of 
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others, with the result that the net B; of the material increases in the 
direction of H. Domain walls move dynamically when the applica- 
tion of the H field causes the volumes of the domains having B; in the 
direction of H to be increased. This action is known as domain wall 
motion. Domain rotation®—!! may also occur; the B; vectors of com- 
plete domains simultaneously change direction toward H. Usually 
both processes occur, although, in particular materials, one of the 
processes may be highly dominant. In both cases, the changes may be 
either reversible or irreversible. A reversible change is one in which the 
spins reorient to their original position when H is removed; irreversible 
changes occur when these spins remain in their new orientation after 
H is removed. A square hysteresis loop results when irreversible 
changes occur easily, and most of the volume of the material under- 
going the change is subject to irreversible change. A well-aligned 
grain structure and a uniform material composition are important 
factors in obtaining a square hysteresis loop. 


3.3. Dynamics of Ferromagnetism 


To the digital circuits engineer, a square hysteresis loop is interesting 
in that the device producing the loop is thereby demonstrated to be 
useful for storing and processing binary oNEs and zERos. Once this 
capability is established, the interest shifts to the question of how 
rapidly the magnetic state of the material may be changed and how 
much energy is required per unit volume to accomplish the change. 
he shape of the hysteresis loop does not supply this information. 
‘he dynamic magnetic properties of the material must be examined 
for this purpose. 

Dynamic Remagnetization or Switching. Of prime importance in 
the dynamics of ferromagnetism is the dynamic remagnetization or 
wwilching process. For a device, switching is defined as a change of 
flux from one remanent state to another with a reasonably high 
fquareness ratio. The switching process may occur for any pair of 
romanent states, not necessarily the major remanent states. The 
time required to essentially complete the flux change is called the 
switching time. To cause this change in state, specific waveforms of 
/’ are used, generally a constant-voltage or a constant-current square 
Wave. 

Switching is the result of domain wall motion, or domain rotation, or 
(usually) both. When a step function of H is applied, domain wall 
motion takes place in a wavelike action where only B; vectors in the 
Vicinity of the domain wall change direction so that the transition 
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regions move. In this way, the domains are reoriented gradually. 
In domain rotation, the B; vector of each domain changes direction 
as a unit. 

Rotation®—!! (discussed in relation to practical applications in 
Chapter 26) is a more rapid phenomenon than wall motion, being 
limited only by the speed at which electron spin orientations can 
change. Switching by wall motion!? is affected by eddy currents and 
material nonuniformity. Wall motion produces switching time of a 
fraction of a microsecond to tens of microseconds. Typically, rotation 
produces switching times of several millimicroseconds to 0.1 us. 

The manner in which switching takes place is a function of the 
material composition, fabrication, and geometry of the specimen 
used. Each of these factors receives careful study. The manner in 
which fabrication affects switching is complex; it is beyond the scope 
of the book to cover the subject in detail, and the practical aspects 
are covered thoroughly in the literature.? 

Switching as a Function of Material. Two types of material— 
ferromagnetic metals and ferrites—are used in most digital magnetic 
applications. Rolled metallic tapes are here classified in terms of 
thickness: thin metallic tapes range in thickness from 4 mil to 2 mils; 
ultra-thin metallic tapes are typically % mil or ~ mil thick. Deposited 
metallic films are typically only 1000 Angstrom units (4 win.) thick. 
Tape thicknesses are made small to reduce eddy currents which tend 
to impede switching.!2. Ferrites are nonconductors, and thus may have 
any thickness, for eddy currents are necessarily small. The thin 
metallic tapes switch most slowly because of eddy current limitations; 
switching times are typically in tens of microseconds. Ultrathin 
tapes and ferrites switch relatively rapidly (typically 0.5 us to 5 us). 
Films switch very rapidly (typically a few millimicroseconds to tenths 
of microseconds). Ultrathin tapes and ferrites are used in most of the 
applications described in this book; thin tapes switch too slowly, and 
thin films are still in the laboratory phases of development. 

Switching as a Function of Geometry. Digital magnetic devices 
are generally fabricated in the form of magnetic cores. A magnetic 
core is a configuration of magnetic material surrounding a current 
path such that magnetic induction is essentially confined to a path in 
the material, with little induction found in the surrounding space. To 
date, the most common geometrical form of the magnetic core for 
digital applications is a toroid of uniform cross section. A bobbin of 
magnetically inert material often provides the structural support for 
the magnetic material forming the core. Cores in a great variety of 
geometrical forms, often including several toroids in one element, 
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are under development (for example, the multiaperature cores 
described in Chapter 31). 

When a winding is placed anywhere on a toroid composed of ferro- 
magnetic or ferrimagnetic material, the B vector tends to be uniform 
throughout a circular path within the toroid taken at any radius R 
from the axis of the toroid. Thus, the rules for uniform magnetic 
fields (Chapter 2) hold to a close approximation. The flux at any 








ez 


400 











"G6, 3.6. Typical pulse excitation and output voltage waveforms for a molybdenum 
permalloy, ultrathin, tape-wound core. 


“ross section tends to be the same as that at any other cross section. 
The ratios of voltages induced across windings, therefore, tend to be 
equal to turns ratios. Thus, transformer action is good. Field 
uniformity and good transformer action are important to ease of calcu- 
lation and to the predictability of switching phenomena. A closed 
path of magnetic material is important if a core is to exhibit a square 
hysteresis loop. 

Voltage Induced by Switching. The voltage induced across a 
winding on a device composed of ultrathin tapes or ferrite switched 
wider constant-current pulse excitation (Fig. 3.6) has a waveform 
typically characterized by a sharp initial spike and a secondary maxi- 
mum which occurs after the spike.'*!4 The spike is believed to be 
daused by rapid reorientation of domains near crystal boundaries. 
The secondary maximum is caused by the expansion of these domains 
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by wall motion. As the domain walls move, they collide with each 
other in a statistical fashion. The wall area available for further 
motion decreases, thereby producing decay of the voltage waveform. 
Only a very small part of the switching is caused by rotation. Rota- 
tion becomes important in the switching of thin films, where switching 
is very rapid. Chapters 4 and 5 discuss the subject of switching 
waveforms in greater detail. 


3.4 Fabrication of Magnetic Cores 


The magnetic characteristics exhibited by a core are dependent as 
much upon the fabrication process as upon geometry and material 


Oe 


Metallic-tape cores Ferrite cores 


Ceramic Stainless-steel 
bobbin bobbin 






Wraps of 


metallic 
tape 
deste wb ee obo 
(a) co) 
Windings 
Protective applied 
sheath 


— @ 
ae Spot weld or 
_<de) af | Terminals 
A iy 


(c) 








Encapsulating 
compound 


FIG. 3.7. Physical configuration of typical magnetic cores. (a) Typical magnetic- 
core sizes. (b) Metallic-tape core, cross section. (c) Stages in fabrication of 
metallic-tape core circuit element. 


composition. For this reason, the techniques of fabrication of the 
two basic core types are of interest. The general forms of typical 
metallic-tape and ferrite cores are shown in Fig. 3.7. 

Ultrathin Metallic-Tape Cores. Fabrication of ultrathin metallic 
tapes begins with a vacuum melt of the desired magnetic alloy. 
Ingots are forged to a suitable shape by rolling. Reduction to }-in. 
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thickness is accomplished by a hot-rolling process. Subsequent 
cold-rolling and annealing procedures reduce the thickness to $ mil or 
4 mil. Rigid control is exercised throughout the process to obtain the 
proper grain size and crystal orientation. 

The ultrathin sheets thus formed are slit into tapes of proper width 
by precision cutters (typically sy in. to % in. wide). The tapes are 
then spirally wrapped on toroidal bobbins of a ceramic or stainless 
steel (Fig. 3.76 and c). Adjacent wraps in the spiral are insulated with 
a suitable slurry (such as manganese oxide in a vehicle) as the tape is 
wrapped on a bobbin. The outer end of the tape is spot-welded to 
the layer below. Finally, the entire structure is annealed under 
controlled temperature and atmosphere, and then cooled in a specific 
manner. The grain structure of the tape undergoes a radical change 
during the annealing process.'5 

Ferrite Cores. Ferrite cores are molded ceramics composed of iron 
oxide and other metallic oxide powders. Fabrication begins by prop- 
orly mixing the constitutent powder with binder materials. The 
mixture is then pressed into molds and sintered in the region of 1300°F. 
I‘abrication is complete after a sufficient time has elasped for proper 
orystallization. 

A wide variety of predictable magnetic properties may be achieved 
through the proper preparation of ferrites. Ferrite cores as small as 
0,050 in. in diameter are produced for memory applications. Non- 
square as well as square hysteresis loops may be obtained, and a 
wide variety of shapes and sizes may be produced at low cost, since 
fabrication is essentially a molding process. 


5,5 Properties of the Ideal Digital Magnetic Core 


lixcept for special applications, the ideal magnetic core for digital 
ue has the following properties: 


1, Uniform physical properties from core to core. 

2, Very square hysteresis loop for positive identification of onEs and 
wwnos, 

4, High intrinsic magnetization properties for uniform fields, good 
(ransformer action, and low cross talk from core to core. 

1, Rapid switching with low expenditure of energy. 

}, Retention of magnetic state to permit the core to ““remember”’ its 
alate for a long period of time under adverse mechanical strains and 
tomperatures, 

4, High mechanical strength. 

7. Low cost and ease of fabrication. 
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32 Digital Applications of Magnetic Devices 


A number of metallic tapes and ferrites more or less meet these 
requirements. At the present time, ultrathin, annealed, 4-79 Molyb- 
denum Permalloy tape seems to be the best compromise for most 
applications. The chief exception to the use of metallic-tape cores in 
digital circuits is the specially prepared ferrite preferred in memory 
applications because of low cost and small size. 
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PARAMETERS 
AND UNITS 


1,1 Flux Parameters and Units 4.5 Turns Parameters and Units 

1.2. Mmf Parameters and Units 4.6 Dimensions 

4.3. Permeability Parameters and 4.7 Switching Parameters and Units 
Units 4.8 Complete and Partial Switching 

4.4 Time Parameters and Units 4.9 oNE and zERo Conventions 


This chapter defines the magnetic and electrical parameters most 
frequently used in the book, discusses some of their more important 
relationships, states the units used, and provides for the more impor- 
(unt conversions among units. The material in Chapters 2 and 3 is 
important to a proper understanding of these parameters. Definition 
of the more important terms introduced in these chapters may be 
found in the Glossary. 

‘The important parameters of square-loop materials used in digital 
lipplications are generally different from those of nonsquare materials, 
wud in many cases where the parameters correspond to each other, the 
ost convenient forms are different. Since the widespread use of 
square-loop materials in digital applications is recent, parameter 
(lofinitions are not standardized. Further, most materials manu- 
lneturers state magnetic parameters in terms of the cgs-emu system 
of units rather than the rationalized mks system. It is most impor- 
(unt, therefore, that parameters, units, and conversions be carefully 
(lolineated. 

I'lux, mmf, turns, length, and time are the basic quantities used in 
this book. Power, energy, charge, voltage, current, resistance, induct- 


“ance, and capacitance are all definable in terms of these quantities, 


and most of the design equations contain the basic quantities as parame- 
33 
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ters. Asa result, the parameters associated with these basic quantities 
are stressed. 

Flux is considered basic, since it is the magnetic quantity most 
closely associated with voltage (eq. 2.17). Magnetic induction, 
though more basic from a materials standpoint, is less useful in defin- 
ing circuit parameters. Magnetic induction parameters, therefore, 
are defined in terms of flux parameters. In ferromagnetic cores of 
uniform cross-sectional area A, the magnitude of magnetic induction 
(Section 4.1) is considered uniform and is calculated from BA = ©. 
Since the direction of B is essentially perpendicular to the cross sec- 
tion, the direction is known and the vector symbol B need not be used; 
the magnitude symbol B suffices. 

Similarly, mmf is considered basic, for it is the magnetic quantity 
most closely associated with current. Magnetizing force parameters 
are defined in terms of mmf parameters (Section 4.2). In ferro- 
magnetic cores of uniform cross section, the magnitude of H is calcu- 
lated from F = HI, where lis the path length taken through the center 
of the cross section. The vector symbol H need not be used; the 
magnitude symbol H suffices. 


4.1 Flux Parameters and Units 


Common practice considers the characteristics of a magnetic core in 
terms of a set of closed symmetrical hysteresis loops obtained by apply- 
ing sinusoidal mmf’s of various frequencies and amplitudes. Under 
these conditions, flux differences are taken with the center of each loop 
asreference. In digital circuit development, this approach is generally 
unsatisfactory, for mmf’s are usually pulses, and the mmf in one direc- 
tion may be quite different from the mmf in the other direction. Thus, 
the flux reference point usually cannot conveniently be center flux, 
because of the manner in which the core is used. The following dis- 
cussion overcomes these obstacles by examining flux-time waveforms 
which are not necessarily related to static hysteresis loops by using 
remanent flux as a reference rather than zero flux. 

Flux Parameters. A core with no mmf applied is said to be in a 
state of flux called a remanent state (Section 3.1). Using this rema- 
nent state as flux reference (and considered as zero reference), an mmf 
may be applied to the core. This mmf has an instantaneous value F 
which is a function of time (Fig. 4.1). As F is applied, the flux 
changes from the flux reference by an instantaneous value ¢, which is a 
function of both F and time. If, at some point, F is held at some con- 
stant value, the flux ¢ may continue to change as a function of time 
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while F is held at that value. If, after some time, F is reduced toward 
zero, ¢ is also reduced to settle in some new remanent state when F 
reaches zero. Depending upon the. flux orientation of the flux refer- 
ence, the waveform of the applied mmf, and the switching characteris- 
ties of the core, the final remanent state may be near the flux reference. 
distinctly removed from the flux reference, or at some point between. 
If the squareness ratio exhibited during flux change is reasonably high, 
the core is said to have switched. (The precise implication of reasona- 
ble squareness is determined by the application.) Where switching 
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FIG, 4.1. Waveforms showing flux variation with mmf. 


qvcurs, the flux change from the flux reference to the maximum ¢ 
twached before reduction of F is called the switching flux ®s. The 
switching flux from a major remanent state to opposite saturation is 
walled major switching flux ®s'. The difference between the two 
fomanent states is called the remanent flux difference and has the sym- 
hol by. The difference between major remanent states is called the 
major remanent flux difference ®g'. When two successive pulses of 
umf are applied as above, in opposite directions, the peak-to-peak 
(difference in flux is called the maximum flux difference and has the 
tymbol &y. The peak-to-peak difference in flux on a major hysteresis 
loop is called the major maximum flux difference ®y'. 

’ulse mmf’s may be applied to a core under the following conditions: 
ilternate pulses are equal and opposite; rise and fall times are very 


“short; and durations of pulses and durations between pulses are long 


miough for flux to settle to steady values. Under these conditions, 
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flux-time waveforms similar to those shown in Fig. 4.2 are produced. 
Initially, the core is in some remanent state, shown as 0 in the figure. 
(The arrow indicates the direction of positive flux change.) When the 
first several current pulses are applied, the core displays transient 
waveforms (Fig. 4-2a) until a steady state is reached (Fig. 4.2b). 
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FIG. 4.2. Flux waveforms. (a) Initial condition. (b) Steady-state condition 


If pulses of saturating mmf are applied, the steady state is achieved — 


during the second pulse. 

In the steady-state waveforms of Fig. 4-2b, the core is initially in one 
of the two remanent states established by the steady-state condition. 
Pulse mmf is applied until the flux reaches a steady value s. Current 
is then removed and the core relaxes to the second remanent state. 
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The difference between these two states is @y. Pulse mmf is next 
applied in the other direction and the flux swings to a value @s away 
from the second remanent state. The difference between the peaks is 
Py. 

Waveforms of this type are important in the testing of cores, for 
mmf’s are constant long enough for flux to reach steady values, and 
the various flux parameters, therefore, are functions of mmf alone. 
By symmetry, ®r, Py, and ®, are not independent; if two are known, 
the third may be obtained by inspection, for 


@y = Oe + 2(hs — Bp) (4.1) 


I 


or 


@y = 2s — Sp (4.2) 


Usually, only ®s and zg are measured, and ®, is calculated from eq. 
4.2. 

Sometimes a fourth parameter, called flyback flux ®,y, is important. 
Any flux change that occurs when an applied mmf is returned to zero 
is a flyback flux. Under the conditions specified here, however, fly- 
buck flux has a definite relationship to gs and @g. From Fig. 4.20, 


Ps = Pr + Pp (4.3) 
and 
Pu 


Bp + 2p (4.4) 


An additional parameter, squareness ratio S, may be obtained from 
(hese parameters. The squareness ratio is a measure of the squareness 
of the hysteresis loop and is defined as 


Dp 
se 4, 
Py oe) 
Nubstituting from eq. 4.2 for ®y,, 
Pp 
Ss = 4.6 
265 — Be 4-8) 
Mubstituting from eq. 4.4 for ®y, 
Pp 
Ss =>——_ 4.7 
Pp + 2Dp (47) 


‘The value of S needed for squareness depends upon the application. 
Usually, if S is 0.8 or larger under the conditions stated, the core is 
onsidered square. 

‘To summarize, if alternately equal and opposite trapezoidal pulses 
of mmf are applied to a square-loop magnetic core with sufficient dura- 
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tion and sufficient spacing between pulses, four important flux parame- 
ters, ®s, ez, Sr, and @y, and one flux ratio parameter S may be 
obtained as function of applied mmf. Operation on the major 
hysteresis loop or on any minor loop can be reflected by the correspond- 
ing set of these four flux parameters. Furthermore, if any two parame- 
ters are known, the other three may be obtained from eqs. 4.1 through 
4.7. Figure 4.3 shows a plot of these parameters as functions of mmf. 
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FIG. 4.3. Flux parameters as functions of mmf. 


Magnetic Induction Parameters. Magnetic induction parameters 
are defined in terms of flux parameters. Thus, Br, Bs, Bu, Br, and 
Bz’ correspond to &p, &s, 4, Pr, and z’. Accordingly, Bz is the 
remanent induction difference, Bs is the switching induction, By is the 
maximum induction difference, and Br is the flyback induction. The 
parameter Bz’ is called the retentivity difference, and is a measure of 
the permanent magnetism of the core. 

Flux Units. The mks unit of flux is the weber (W). A flux change 
of one weber/second induces one volt across one turn. For con- 
venience, the microweber (uW) is used where time is measured in 
microseconds. A flux change of one microweber/microsecond also 
induces one volt across one turn. The unit of flux in the egs-emu 
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system is the maxwell. One maxwell is 107° W. A maxwell is some- 
times called a line of flux. Thus, 100 lines is a microweber. 

The unit of flux used in this book is the microweber. Occasionally, 
the weber is used. Information on the other units is given only for 
conversion purposes. 

Magnetic Induction Units. The mks unit of magnetic induction is 
the weber/square meter (W/m*), or the microweber/square millimeter 
(uW/mm?). Both units have the same value, but the second unit is 
more convenient conceptually, for the convenience units of flux and 
length are the microweber and the millimeter. For conversion pur- 
poses, the cgs-emu unit for magnetic induction is the gauss, and one 
gauss is 10-* W/m?. 

Core dimensions are usually given in inches. To avoid the incon- 
venience of conversion to millimeters, a fortuitous circumstance may 
he used to advantage when the magnetic material is in the form of 
metallic tape. Metallic tape is generally obtained in widths which 
re multiples of $ in., and in thicknesses which are multiples of } mil. 
If an area module is described as the area of tape 4 in. wide and 4 mil 
thick, the area module is ¢¢ X 107° in. This value is very nearly 
\0-’ mm*. Thus, if the magnetic induction of a core is n 4»W/mm?, 
(he flux per area module is n X 107? wW. If the induction is n kilo- 
usses, the flux per area module is n X 107° nW. 

lor example, if, for a given core, By is 15 kilogausses, the tape thick- 
Hons is + mil, the tape width is ¢in., and 20 layers of tape are used, the 
{lux in microwebers can be determined. The tape area is 4 area 
modules, and the flux for one layer of tape is 15 X 4 X 10-° = 60 
* 107° wW. The flux for 20 layers of tape, then, is 20 x 60 x 107° 
#12 y.W. 


4.2. Mmf Parameters and Units 


larameters and units of mmf F, and corresponding parameters and 
nits of magnetizing force H, are next established. 

Mmf Parameters. Certain mmf parameters are associated with the 
wlutic hysteresis loop, and others are associated with dynamic con- 
(itions (Section 4.7). A symmetrical hysteresis loop for a square-loop 
Hore is shown in Fig. 4.4. 

If the axes of the hysteresis loop are placed to intersect at the center 
af the loop as shown, the mmf at the intercept of the F axis is called 
the coercive mmf Fc. Although values of F¢ are often given in core 


specifications, Pe is not of practical value in most digital applications, 
~ since the center of the loop is usually not a convenient reference point. 


| 
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If a d-c threshold mmf Fp is not exceeded, a square-loop core returns 
almost to its original remanent state when the mmf is removed. 
Experiments! have shown that with certain square-loop materials, 
one-half million applications of mmf less than F’p (and of short duration 
greater than 1 ws) cause no measurable change in remanent flux, 
whereas repeated applications of mmf slightly larger than Fp cause a 
large change in remanent state (Section 25.1). The maximum mmf 














FIG. 4.4. Hysteresis loop for square-loop core, showing significant values of mmf. 


Fy defines the bounds of the hysteresis loop; Fc and Fp are functions 
of Fy for a given magnetic core. 

Magnetizing Force Parameters. Magnetizing force parameters are 
defined in terms of mmf parameters. Thus, Hc, Hp, and Hy cor- 
respond to Fc, Fp, and Fy. Accordingly, He is called coercive force, 
Hp is called d-c threshold magnetizing force, and H x is called maximum 
magnetizing force. 

Mmf Units. The mks unit of mmf is the ampere-turn (at). For 
conversion purposes, the cgs-emu unit of mmf is the gilbert; one gilbert 
is 10/42 (approximately 0.796) at. 

Magnetizing Force Units. The mks unit of magnetizing force H is 
the ampere-turn/meter (at/m). For convenience, the ampere-turn/ 
millimeter (at/mm) is also used. The cgs-emu unit is the oersted; one 





Parameters and Units Al 


oersted is 1000/47 (approximately 79.6) at/m, or 0.0796 at/mm. The 
gilbert and the oersted are included here only for conversion purposes. 

Path lengths are generally given in inches. To avoid the incon- 
venience of conversion to millimeters, a fortuitous circumstance may 
be used to advantage with toroidal cores. If the mean magnetic 
diameter of the toroid is measured in 7 in. length modules, the path 
length corresponding to one length module is 7/16 in., or very nearly 
fmm. Thus, if the magnetizing force is H at/m, the mmf per length 
module is 0.0054 at; if the force is H at/mm, the mmf per module is 
SH at; if the force is H oersteds, the mmf per length module is 0.441 at. 

For example, if, for a given toroid, the mean magnetic diameter is 
} in., and the mmf is 0.5 at, H in ampere-turns/millimeter and oersteds 
can be determined. The number of length modules is 4, and 4 divided 
into 0.5 at is $at/module. Since H is one-fifth of this value in ampere- 
(urns/millimeter, or 2.5 times this value in oersteds, H is 0.025 at/mm, 
or 0.31 oersted. 


4,3. Permeability Parameters and Units 


‘he relationship of permeability » to other magnetic parameters is 
vonfusing unless definitions are properly stated. The confusion results 
from the conversion from the cgs-emu system of units to the mks 
system. Furthermore, except for the permeability of space (Chapter 
¥, oq. 2.19), the concept of permeability has little utility where ferro- 
Magnetic hysteresis loops are concerned. It is discussed here pri- 
marily to eliminate some of the existing confusion. 

Permeability may be defined as: 


2 
H 


Ill 


bp (4.8) 

In the cgs-emu system of units, B and H have the same units, so 
(hat » is dimensionless. In space, B and H are equal, so that the 
permeability of space uo is unity. Within a material, however, » is not 
Hecossarily unity. In fact, » is considered a characteristic of the 
iiaterial, thereby providing a ratio of the ease of magnetization of the 
Waterial to that of space. 

In the rationalized mks system of units, B and H have different 
\inite; B is voltage-oriented, and H is current-oriented. Accordingly, 
permeability is not dimensionless, but has the units webers/ampere- 
furnemeter (W/at-m) or microwebers/ampere-turn-millimeter (uW/ 


‘“temm). The rationalized mks system rationalizes B and H in terms 
of volts and amperes, with the result that «4 has complicated dimen- 
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sions, This is considered more advantageous than having » dimen- 
sionless, because B and H then have complicated relations to volts and 
amperes. Thus, the rationalized mks system puts all of the conversion 
burden upon the single quantity o. The permeability of space po is 
4r X 1077 W/at-m, or 4r X 107* »W/at-mm. 

The B/H ratio in a material has two aspects in the mks system. 
The permeability » is the actual B/H ratio as defined in eq. 4.8. To 
make a comparison of the absolute permeability with that of space, 
the ratio 


bs = (4.9) 


Ean 
Ko 


is defined, where ys is the specific permeability. The parameter us is 
dimensionless and is equal to permeability as obtained from the cgs- 
emu system. 


4.4. Time Parameters and Units 


Time, in all systems of units, is measured in seconds (s). For con- 
venience, since the phenomena discussed are short in duration, the 
microsecond (us) is used. The symbol for varying time is ¢, and for a 
specific time is 7. Switching time T's is discussed in Section 4.7. The 
symbols 7’ and ¢, as used in logic diagrams, have different meanings 
from those stated above, and the detailed definitions of these symbols 
are presented in the appropriate chapters. 


4.5 Turns Parameters and Units 


Any winding on a core comprises an integral number of turns (N). 
Integers are usually taken as dimensionless. In this book, however, 
it is convenient to assign a dimensionality to turns. The turn is con- 
sidered one of the basic dimensions. 


4.6 Dimensions 


Most texts stress electrical phenomena, and the basic dimensions are 
mass M, length L, time 7, and charge Q. Here, magnetic phenomena, 
are the main topic, and the basic dimensions are turns N, flux ®, 
mmf F, time 7’, and length L. All other quantities are expressible in 
terms of these dimensions. For example, energy used in switching a 


core is given by the integral | F d¢, and, therefore, has the dimensions 


FP, Magnetic induction has the dimensions &L~? (webers/square 
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meter) and magnetizing force has the dimensions FL~! (ampere- 
(urns/meter). 

Table 4.1 lists the dimensions, the mks units, and the mks con- 
venience units for the most frequently used quantities. The dielectric 


constant of space e9 and permeability of space uo are also given in both 
sets of units. 


Table 4.1. Symbols, Dimensions, and Units of Basic Quantities 











Name Unit (* indicates same value in both systems) 
Quantity Symbol Dimensions Rationalized mks Convenience mks 
Turn N N turn (t) turn (t)* 
Flux ¢, ® ® weber (W) microweber (4 W) 
Maxnotomotive force F PF ampere-turn (at) ampere-turn (at) * 
Time hoe i T second (s) microsecond (us) 
Length 1 L meter (m) millimeter (mm) 
Energy w OF joule (J) microjoule (uJ) 
Power P FT" watt (w) watt (w)* 
Charge 4a,Q N FT coulomb (Cb) microcoulomb (uCb) 
Current i, I NF ampere (a) ampere (a)* 
Voltage », V,E NeT™! volt (v) volt (v)* 
Resistance R N°@F-17-1 ohm (2) ohm (Q)* 
Inductance L N°oeFr-! henry (h) microhenry (uh) 
Capacitance Cc N~o-1FT?2 farad (f) microfarad (yf) 
Magnetic induction B *L~2 W/m? uW/mm2* 
Magnetizing force H FL! at/m at/mm 
Permeability ry @F-1p-! W/at-m uW/at-mm 
Dielectric constant € No PF T?L—! {/m uf/mm 
Vrequency f tT) cycle/second (cps) megacycle/second (meps) 











Mieleotric constant of «9 = 1/36” X 1079 f/m (rationalized mks) 
apace = 1/367 X 107° uf/mm (convenience mks) 

Permeability of space yo = 4% X 1077 W/at-m (rationalized mks) 
= 4x X 1074 4» W/at-mm (convenience mks) 
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A square-loop core is said to switch when it undergoes a flux change 
from one remanent state to a value of flux from which it will drop to 
(nother remanent state with a reasonably high squareness ratio. The 
jwoclse implication of reasonable squareness is determined by the 
Application, For rapid switching, the flux does not follow the low- 
frequency hysteresis loop but is a function of the switching mmf F's 
ud time. The switching mmf F's is the instantaneous value of that 
part of the total mmf (applied to the core) which produces switching. 
I) the general case, a part of the total mmf applied to a core provides 
furvent to a load and a part (F's) causes switching. When Fg is a 
variable in time, analysis of switching is often difficult. Nevertheless, 


Hlwervations show that certain switching parameters can be defined 
tnider controlled circumstances. 
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Constant-Current Switching. A core is said to undergo constant- 
current switching when switching occurs in response to a pulse of con- 
stant F's. To obtain regularity (steady-state switching), repeated 
applications of opposite and equal F's pulses may be used. The pulse 
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FIG. 4.5. Flux and voltage waveforms, constant-current switching. 


durations and time separations between pulses are great enough fo 
flux changes to settle to steady values. Constant-current switchin 
of this type produces voltage and flux waveforms of the type shown i 
Fig. 4.5. le 
During the rise time of the current pulse, the flux exhibits a sha 
rise called the initial step #;. If the rise time is sufficiently short, th 






































Millon, 
 epondent than voltage-dependent; with other applications, the reverse 
Ww true. 
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initial step is independent of rise time. The waveform of voltage 
induced across a winding on the core shows a corresponding initial 
peak V; which is so seriously a function of the fashion in which F 
rises as to be relatively useless as a specification. (This peak, how- 
ever, is frequently an annoying form of noise.) After the initial step, 
the flux rises monotonically, first concave upward and then concave 
downward, until it approaches the switching flux ®s (Section 4.1) as 
in asymptote (in the major hysteresis loop, the asymptote represents 
Maturation). Correspondingly, the voltage waveform first drops from 
iis initial peak, rises to a maximum voltage Vy, and then falls toward 
yoro as an asymptote. The core may be considered to have switched 
When the flux reaches a value very near ®s, but the time required for 
this to occur is difficult to define. This time, however defined, is 
willed the switching time T's of the core. 

When the mmf is removed from the core represented in Fig. 4.5, the 
flux decreases to a new remanent state with a flyback flux ®y (Section 
4,1). The voltage waveform corresponding to ®, is called flyback 
vollage Vy, and like the initial peak, its peak value is dependent upon 
the mmf fall time and is, therefore, relatively unreliable as a specifica- 
(ion criterion. 

Switching Time. Switching time has been defined by some in terms 
of the flux waveform as the time required to reach a flux of 0.983. 
‘The author has the opinion that this figure should be nearer 0.95®y. 
Unfortunately, it is difficult to read switching time in this region, 
hwcnuse of the flatness of the flux-time curve. To overcome this 
(lifficulty in one application, the ratio of switching times for 0.9545 to 
(), My for a given core material was measured carefully. Subsequently, 
|) Was necessary to measure only the 7's for 0.8@ 5 (which is not difficult 
{0 measure, for the flux-time curve has a good slope in this region), 
iid to multiply this time by the factor previously obtained. The 
Method is valid only when the factor is uniform. 

witching time may also be defined in terms of the voltage waveform. 
'l'wo methods are commonly used. In the first method, the time neces- 
wiry for the instantaneous voltage to fall to 10 per cent of maximum 
voltage is taken as 7's. In the second method, a line is extended from 
(he point of inflection of the descending part of the waveform, and the 
{ime represented by the intersection of the line with the time axis is 
taken as 7's. 

‘The method used in the measurement of 7's depends upon the appli- 
Certain applications involve phenomena that are more flux- 


Similarly, the values of switching mmf used in measurement 








46 ; Digital Applications of Magnetic Devices 


depend upon the application, for the switching time of a given core 
depends upon the switching mmf. 

Switching Constants. In general, the 7's-Fs relationship for a given 
core material may be defined in terms of a 7's-Hs function, where Hs 
is the switching magnetizing force corresponding to the F's of the core 
made of this material. If the material is manufactured properly, its 
T's-Hg relationship is uniform and may be reasonably specified. In 
many cases, it is more convenient to study’1/T's versus Hs. Figure 
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FIG. 4.6. Switching time versus switching magnetizing force. 


4.6 shows a typical 1/7's versus Hs curve for 4-79 Molybdenum Perm- 
alloy tapes $ mil thick. 

In the figure, 7's is plotted on an inverted reciprocal scale where 
Ts =1 at 1/Ts = 1, and Ts = © at 1/Ts = 0. Scale inversion is 
performed so that 7's may increase from left to right. From 7's = 0.5 
us to T's = 10 us, the curve is essentially a straight line. The exten- 
sion of this line to the H axis provides an intercept called the projected 
threshold field strength Hy. The slope of the straight-line portion of 
the curve is called the switching coefficient Sy. The mks unit of Sw is 
ampere-turn-seconds/meter (at-s/m); the mks convenience unit is 
ampere-turn-microseconds/millimeter (at-us/mm); and the dimensions 
are FTL~. To obtain Sw, Ho is subtracted from the value of Hs for 
a given 7's in the straight-line region of the curve, and the product 
(Hs — Ho)Ts is taken. That is, ; 


(Hs — Ho)T's 


=1 4.10 
Sp (4.10) 
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For a given core, F is used instead of H, since the path length 1 is 
known. Correspondingly, the switching constant G's is used instead of 
Sw, where 

Gs = Syl (4.11) 
and 
s—Fo)Ps , (4.12) 
Gs 
I’) is the projected threshold mmf. The mks unit of G's is ampere-turn- 
seconds (at-s); the mks convenience unit is ampere-turn-microseconds 
(nt-ys); and the dimensions are F'7’. 

Some magnetic materials show no straight-line region, but rather an 
I's — 1/T gs curve which is concave downward over the whole region of 
interest. A considerable portion of this region may fit the equation 


Fs T's1\% 

ra= (re) oe) 
Where 7's; is the switching time corresponding to F's; (the switching 
mmf at the center of the region of interest), and where 7's is the 
switching time corresponding to F's (any switching mmf in the region 
of interest). The exponent a has a value generally between 0.5 and 
0,0, 

Constant-Voltage Switching. A core is said to undergo constant- 
vollage switching when switching occurs in response to a pulse of con- 
slant voltage. Since constant-voltage switching is usually confined to 
specialized devices, it is discussed in detail in the applicable sections 
(ns, for example, Sections 5.2 and 27.2). 


4.8 Complete and Partial Switching 


Switching, as defined in Section 4.7, is conveniently divided into 
two classes: complete switching and partial switching. Complete 
switching occurs when an /’g is applied for a time sufficient for the flux 
whange to settle to a steady value ®s._ Partial switching occurs when 
/', is applied for a time insufficient for the flux change to settle to a 
aloady value. Complete switching, therefore, represents an asymptote 
which is approached by partial switching. A method of evaluation for 
partial switching is as follows: 


1, Apply a chain of equal and opposite F's pulses of sufficient dura- 
tion for complete switching. 





in aia a mie 
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2. Apply a single F's pulse of duration insufficient for complete 
switching. The flux and voltage waveforms for the short pulse appear 
as shown in Fig. 4.7. The dashed lines in the figure show the complete 
switching phenomena, the solid lines the partial switching phenomena. 
The important parameters are partial switching flux ®sp, partial 
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FIG. 4.7. Flux and voltage waveforms, partial switching. 


remanent flux difference ®rp, partial switching flyback flux ®rp, drive 
current duration Tp, switching mmf F's, and the partial squareness ratio 
Sp (not shown) which is taken from the equation 
~ Op + 26rp 

In eq. 4.14, &z is used instead of Pep for computing Sp, to provide a 


basis for comparison between S and Sp. Hf 
If 7p is varied from a very low value to a value in excess of 7's, with 


Sp (4.14) 
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I's held constant, sp and ®zp will vary with Tp. If the ratios 


Psp 
= — 4.15 
Yu a ( ) 
and 
Prep 
= — 4.16 
Y2 Bs ( ) 
are plotted against 
Tod 
= — 4.1 
usa (4.17) 


Where y; is called the partial switching ratio, yz the partial remanence 
ratio, and u the time ratio, curves similar to those in Fig. 4.8 are 
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FIG. 4.8. Flux ratios versus time ratio in partial switching. 


Obtained. Some variations in the y; and y2 curves are found for differ- 
ont values of F's, but the variations are not great in the straight-line 
rogion of the 1/7's — F's curve, so that Fig. 4.8 is typical of most situa- 
tions. As wu increases from zero, Sp first decreases and then increases 
(0 & maximum as wu becomes greater than unity. In the vicinity of 
= 0, ye increases very slowly until u reaches an appreciable value, 
Whereas y; has an initial slope and a considerable increase with u in 


this same region. Thus, when w is small, a considerable gp can occur 
with a very low zp resulting. This is particularly true for values of 
fy near the projected threshold mmf Fo. 


Tn a practical situation, therefore, when noise mmf disturbs a core, 


Te 
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a considerable noise flux can be tolerated without particularly disturb- 
ing the core from its initial remanent state. In fact, numerous repeti- 
tions of noise may occur without important disturbance. This inher- 
ent noise immunity is characteristic of most square-loop cores. If 
the mmf is less than Fp, no important disturbance from the initial 
remanent state occurs. 

Figure 4.9 shows a typical set of voltage and flux waveforms repre- 
sentative of partial switching, where repeated short F's pulses are 
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FIG. 4.9. Flux and voltage waveforms, repeated partial switching. 
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applied in sequence. The parameter Pzp changes very slowly at first 
(and the waveform of induced voltage even more so), reflecting the 
situation mentioned in the preceding paragraph. 

As Fig. 4.8 shows, y1 approaches unity as an asymptote so that in a 
strict sense, “‘complete switching’ never occurs. From an engineering 
standpoint, switching is ‘‘complete” when y1 is sufficiently near unity 
for the purpose intended. This is usually when wu = 1, that is, when 
the time duration is the switching time. Since, in most instances, 
complete switching is of primary interest, the term “switching”’ 
alone is understood to mean ‘complete switching.” 


4.9 oNE and zero Conventions 


For any given core, the remanent flux difference Pr resulting from a 
given set of applied mmfs is bounded by two remanent states. One 
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of these states is arbitrarily taken to be a binary zero; the other is 
taken to be a binary onr. If the core flux rests at or near the first 
state it is said to be in the zERo state; if the flux rests at or near the 
opposite remanent state it is said to be in the oNE state. The zERO 
and ong states are used to permit consideration of the core as an ele- 
ment representing one bit of a binary number. 





(a) 


[ ——~> >I] 


(b) 


3 ae 
(c) 
"16, 4.10. Dot convention. (a) Voltage rules. (b) Current rules. (c) Sche- 
iiatio representation. 


‘lo permit identification of these states, a dot convention has been 
walablished. The mechanics of this convention are shown in Fig. 
4,10, The core is shown as a toroid, the upper surface of which is 
imarked with a dot and arbitrarily chosen as the dot side. The lower 
surface is called the nondot side and is unmarked. Two windings are 
shown, with the dot end of each winding at the top of the core. A 
#onventional schematic representation of a wound core, with the dot 


- ede of windings as indicated, is shown in Fig. 4.10c. 


The dot convention may be stated by two sets of rules, one set in 








| 
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terms of voltage and the other in terms of current. The voltage rules 
(Fig. 4.10a) are: 


1. When a voltage is impressed across a winding of a core such that 
the dot end of the winding is positive with respect to the nondot end, 
an mmf is produced which switches the core toward the zERo state. 

2. When a core switches toward the zERo state, a voltage is induced 
across all of the windings of the core such that the dot ends of the wind- 
ings are positive with respect to the nondot ends. 

3. When a voltage is impressed across a winding of a core such that 
the dot end of the winding is negative with respect to the nondot end, 
an mmf is produced which switches the core toward the oNE state. 

4. When a core switches toward the onz state, a voltage is induced 
across all of the windings of the core such that the dot ends of the wind- 
ings are negative with respect to the nondot ends. 


The current rules with passive loads (Fig. 4.10b) are: 


1. When a current enters the dot end of a winding of a core, an 
mmf is produced which tends to switch the core toward the zERo state. 

2. When a core switches toward the zuro state, a voltage is induced 
across all of the windings of the core in such a direction as to tend to 
drive current out of the dot ends of these windings. 

3. When a current enters the nondot end of a winding of a core, an 
mmf is produced which tends to switch the core toward the onE state. 

4. When a core switches toward the onz state, a voltage is induced 
across all of the windings of the core in such a direction as to tend to 
drive current out of the nondot ends of these windings. 


The above rules are extremely important to the understanding of 
the functional operations described in the text. 
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MAGNETIC 
CORES 


6.1 Basic Equations 5.4 Nonideal Cores 


6.2 Equivalent Circuits for the 5.5 Measurement of Core Parame- 
Switching Core ters 


6.3 Cores as Elements of More 
Complicated Circuits 


Different magnetic circuit design problems require varying degrees 
of exactness in predicting the behavior of the magnetic cores as circuit 
#loments. The purpose of this chapter is to extend the discussion of 
previous chapters by developing a detailed and accurate description 
of core behavior. Fortunately, as will be shown, average effects are 
often easily determined without a completely detailed analysis, so that 
(he design of many circuits can be completed entirely from simple 
felationships. More complex relationships are given primarily for 
)ekground, and are not needed in succeeding chapters. Specification 
‘nid measurement of core parameters are also discussed. The neces- 
wary background material is included in the previous chapters. 


5,1 Basic Equations 


The two basic equations relating circuit variables to magnetic quan- 
(ilies in the material of a toroidal core are (from eqs. 2.17 and 2.18) 


do 
= ee 
v - (5.1) 
Which integrates to 
No = fvdt (5.2) 


53 


TT bi anal ail a i 





54 i Digital Applications of Magnetic Devices 


and 
ZNi=F (5.3) 


Several consequences of these simple equations are discussed prior 
to the description of core behavior. 

The magnetic induction in a magnetic element of toroidal shape is 
normally much greater than the magnetic induction to be found in 
the surrounding air or space. In general, it is assumed that the flux is 
sufficiently confined to the toroid that the flux derivative d¢/dt is the 
same for all turns of all windings linking the toroid. It follows 
immediately that waveforms of voltage across all windings must be 
identical and proportional in amplitude to the number of turns. This 
is the basis of transformer action. The small amount of flux which 
links one winding but does not link another is, in general, ignored in this 
chapter. 

Magnetizing force is related to total current by eq. 5.3. It is often 
convenient to choose one of the windings of a core as a primary winding 
(designated by a subscript 0), and to write the primary current-turns 
on one side of the equation. Equation 5.3 then becomes 


Noio = > NA; +F (5.4) 
340 

where the direction assigned to the currents on all of the secondaries 
has been changed for convenience in writing the equation. In the 
design of transformers, the mmf lost in the magnetizing inductance 
(equivalent to the last term of the right-hand side of eq. 5.4) is usually 
made small, so that the input current is approximately the turns ratio 
times the load current being drawn from the secondary windings. 


An equation sometimes useful in the design of magnetic core circuits, 


obtained by multiplying eq. 5.4 by d¢/dt, is 
do . dd do 
iy = a a 5.5 
Noto y Maths (6.5) 
j40 
This equation may be immediately restated as a power equation, 


: d 
re yy ee ra (5.8) 
jx0 
which can be integrated to an energy equation with integrals of the 


form J iv dt and / F dd. The advantage of eq. 5.6 is that turns values 
are not explicitly stated. The energy relationships can be manipulated 
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before final turns values are assigned. The relationship is useful in 
preliminary design considerations. 


5.2 Equivalent Circuits for the Switching Core 


A discussion of core behavior must be concerned primarily with the 
switching core as a circuit element. For convenience, the switching 
core is described in terms of equivalent circuits. The simplest and 
most used equivalent circuit is described first. 

In deriving the equivalent circuits, unity coupling is assumed. For 
simplicity, unity turns ratios among all windings are postulated. 








0 —> t 


"iG. 5.1. Switching voltage waveforms for three amplitudes of drive mmf. 


Mwitching voltages may then be taken as identical across all windings. 
A single winding may thus be assumed where the “‘current through the 
Winding” is the algebraic sum of the currents through the separate 
windings. These assumptions permit ignoring any transformer action 
which may exist, representing such action by means of a perfect 
transformer if necessary, and also permit discussing the switching core 
aa a two-terminal element. The assumptions are not very restrictive, 
and are convenient to the discussion. 

The equivalent circuit is intended to be valid only for bobbin cores 
wound with ultrathin metallic tapes. This assumption is more 
yoatrictive than the first two. Other types of cores are discussed in 
Mection 5.4 by describing differences between their behavior and the 
relatively ideal behavior of the ultrathin metallic-tape cores. 

Constant-Current Switching. For very slow changes in d-c drive 
surrent, the flux follows the d-c hysteresis loop. For faster switching, 
\) is necessary to overdrive with additional mmf and, hence, additional 
surrent, Conversely, the switching time can be determined for a given 
Amount of drive current. Figure 5.1 shows switching voltage, and 


coal ( 
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therefore d¢/dt, for an ultrathin metallic-tape core for three different 
drive currents. The drive current pulse has a fast rise time and a con- 
stant amplitude. For ultrathin metallic tapes, over a range of switch- 
ing times from 0.2 us to 30 us, the shapes of the switching voltage pulses 
are often described very well by the following approximations: 


1. With normalized time and voltage axes, all curves are of the same 
shape. 

2. The reciprocal of the switching time is a linear function of the 
current. 


It follows from the two approximations that switching voltage is a 
linear function of drive current at a fixed fraction of the total 
switching time, and therefore also at a fixed fraction of the total flux. 

A convenient way of stating this linearity is to consider the core as 
acting like a resistance, the value of which is a function of the instan- 
taneous flux state of the core. The term resistance is used to represent 
the constant of proportionality between voltage and current. The 
equivalent resistance drops to zero when the current pulse finally 

drives the core to saturation, since 

there is then no more flux avail- 

able to be switched, and thus zero 

voltage across the windings. A 

current generator parallels the re- 

sistor, since some current remains 

when the voltage is extrapolated 

0 to zero voltage on a voltage-cur- 

Reciprocal of Switching Time 1/75 rent plot. 

FIG. 5.2. Switching mmf versus switch- Algebraic Justification of the 
ing time. Resistance. The behavior of a 
typical metallic-tape core isshown 

in Fig. 5.2. The equation of the straight-line portion of the curve is 


Switching Mmf F, 


Fs = Fo + Gs/Ts (5.7) 


where the projected threshold mmf Fy and the switching constant Gs 
are the projected intercept and slope respectively, of the straight line. 
The switching constant Gs is related to the physical properties of the 
magnetic material: as discussed in the literature.“* For complete 
switching, the switching flux ®s is nearly a constant. From eq. 5.2, 


Ts 
4 vdt = Nes (5.8) 
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Thus, average voltage is 


bea N®g 
VS dt = —— } 
. T's [ ‘ T's wed 
If the average voltage is divided by the current (F — Fo)/N (called 
excess current), then 
N@;/T Né;/Ts NS 
__N@s/Te  _ N@s/Ts _ NPs _ p. (5.10) 
(Fs —Fo)/N  Gs/NTs Gs 
The relation of average voltage to excess current is therefore described 
by an equivalent resistance R, where constant drive current is assumed. 
Fraction of Switching Flux. Since all switching waveforms are 
approximately the same shape (Fig. 5.1), the instantaneous voltage 
at a given point in the switching process is the same fraction of the 
average voltage for any switching time. The flux ¢ is the flux change 
up to the point to be considered, and the flux 
variable y is defined as 


a 3 
v=s (5.11) 
/ re F, 
where = Ro) 
No = if vdt (5.12) 
and 
T 
NOs = rf “dt (5.13) 


The flux variable y is the fraction of flux which 

hws switched at any given instant t. There IG. 5.3. Equivalent cir- 
in, then, a fixed ratio between the voltage at SU OF 6 eee Yel 
wny given y[v(y)] and the average voltage during switching, such that 


fy) = (6.14) 
av 
The maximum value of f(y) is about 1.65 for 4-79 Molybdenum Perm- 
illoy ultrathin tapes. (This value is needed in predicting peak volt- 
ion.) If v(y) is used instead of V,, in eq. 5.9, there results an instan- 
(uneous resistance of 


2 v(y) Me 
R(y) = (Fs — Fo/N R.f(y) (5.15) 


Thus, the voltage ‘produced by a core switching from one state to 
another with constant-current drive is equal to that produced by the 
mquivalent circuit of Fig. 5.3. 
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Fraction of Total Charge. The assumption of constant-current 
switching is actually unnecessary, and a valid equivalent resistance 
results even when F's is not constant. It is sometimes convenient to 
use a variable other than y, especially when the drive current is not 
constant. Switching charge Qs is given by 


T. 
5Fy —Fo Gs 
= ——_—— == wl 
Qs { eas (5.16) 


and is a constant independent of switching time. The fraction of the 
charge Qs which has passed through the winding at a given instant is 
the charge variable x. When the total charge equals Qs, x = 1 and 
switching is essentially complete. The variable « is defined as 


q _QN 
St = 5.17 
ait: akc? site 
where 
1 t 
qa (Fs — Fo) dt (5.18) 
N Jo 


By substituting v(y) = N@ s dy/dt and (F's — Fo)/Gs = dx/dt into eq. 
5.15, we obtain 

wf 

o f(y) 


so that a single S-shaped curve can be used to convert from y to x and 
vice versa. Thus, y and z are equally suitable variables for indicating 
the fraction of complete switching reached at a given moment. 
Alternative Representation. An alternative representation of the 
required drive to switch the core is the total charge-turns Gr = 


st Fs dt. This approach (used in Chapter 14) is useful even for less 


(5.19) 


ideally behaving cores, where good values of the constants Fo and Gs 
cannot be found. 

Switching Time Definition. A difficulty more apparent than real lies 
in the definition of switching time (which, for example, enters into the 
definition of Gs). Different definitions yield slightly different values 
of T's. However, 7's enters into the equation as an arbitrary constant, 
so that the validity of the equivalent circuit does not depend upon a 
particular definition of 7's. In eq. 5.15, for example, R(y) is the ratio 
of voltage to current. Physically, this ratio must be independent of 
Ts. The 7's variable is found to cancel from the equation for Riy), 
since Gg is proportional to 7's by definition, and since f(y) is also pro- 
portional to 7's. 
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Constant-Voltage Switching. In the case where drive voltage is 
held constant, d¢/dt must be constant. The waveform of current 
drawn by the core (Fig. 5.4) shows an initial inrush, followed first by a 
broad dip, then by a rapid increase as the core finishes switching. The 
waveforms in the figure show the current to be more nearly constant 
than predicted by the R(y) equivalent circuit of Fig. 5.3. The equiva- 
lent circuit may be modified by including a small series inductor to 
accommodate this variation. The most appropriate inductor in this 


Switching Current ig 


0 — >t 


"16.5.4. Current waveforms for three amplitudes of drive voltage constant-voltage 
switching. 


nse is also a function of y. At y = 0, the start of switching, the induc- 
(or is of the right value to yield the first spike of the waveforms of Fig. 
§.1. The inclusion of the inductor in the equivalent circuit makes 
R(y) only a mild function of y, since R(y) must account for only the 
broad second hump. This more complicated equivalent circuit may be 
wonsidered as two cores operating together. The first core is an ideally 
square core, of unity squareness ratio, described by Fo/N and R(y). 
lSach winding on the ideal core is in series with an identical winding 
on & second core which is nonsquare and represents the small series 
inductor. The switching flux of the ideal core, in this two-core model, 
is almost exactly constant over a wide range of drive mmf’s, far more 
constant than the actual switching flux @s of a metallic tape core. All 
\vreversible flux (remanent flux difference Sz) may be ascribed to the 
\dleal core, and all reversible flux (flyback flux 7) to the nonsquare 
Hore, 
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Alternative Equivalent Circuits. In the preceding discussion, /’y is 
tacitly considered to be constant. Actually, Fo need not be ee 
in y; voltage-current plots which have been taken for various eager 
values of y show that the Fo which fits these curves most effectively 
not quite constant in y. Equation 5.15, therefore, is not perfect. An 
alternative equivalent circuit is one in which R(y) is constant, but 
where the current generator term is variable in y; [Fo(y)\/N. The 
data shows that this equivalent circuit, although it does not predict 


co Output Voltage 


(a) 





o Output Voltage 


(b) 


FIG. 5.5. Voltage waveforms, (a) complete switching and reset and (b) partial 
switching and reset. 


isomorphic waveforms, gives almost as good an approximation as the 
circuit of Fig. 5.8, where Fo is taken as a constant and K- isa function 
of y. This alternative circuit needs no inductor, since, if ion ¢ 
expanded in a Taylor’s series ao +ay+t-::: = Ni, the coefficien 
i ortional to inductance. 
oie pai equivalent circuit, a resistor (roughly constant in y) is 
paralleled by an inductor, which at a current Fo/N abruptly “yeti 
to a large value, maintaining the value of current acquired by - 
inductor at the start of the main switching action, the value Fo/N. 
This circuit also correctly describes high-frequency behavior for a 
nonswitching core, since the resistor represents the highaeers 
losses in molybdenum permalloy when driven with currents too sma 
to produce switching. In all three equivalent circuits, there are two 
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current paths, through the first of which flows Fo/N (or nearly so), and 
through the second of which flows the excess current, producing a 
switching voltage proportional to the excess current. The constant 
of proportionality between voltage and current is represented by a 
resistance. 

Partial Switching. Switching voltage waveforms for an ultrathin 
metallic-tape core switching completely and only partially (Section 
4,8) are shown in Fig. 5.5. Part of the flux in the core at midswitching 
flies back when the drive pulse is removed. This flyback behaves 
much like the nonsquareness flux which flies back when the drive pulse 
is removed after complete switching. When a partially switched core 
is reset to the state from which it came, the voltage pulse (Fig. 5.5) 
hears a strong similarity to the last portion of the reset of a completely 
awitched core. Thus, the partial switching of ultrathin metallic-tape 
cores can be fairly well described by the equivalent circuits previously 
discussed. Until drive mmf is removed, partial switching is similar 
\o the first part of complete switching and reset of a partially switched 
#ore is similar to the last part of complete switching. The waveforms 
fre nearly the same shape but incomplete. 


5,3 Cores as Elements of More Complicated Circuits 


The equivalent circuits described in the previous section can be 
timed to derive nonlinear differential equations for any circuit containing 
i core. Fortunately, this approach is hardly ever necessary. All of 
(he circuit equations can be integrated with respect to time, so that 
jnntoad of voltage and current the equations are in voltage-time, which 
#juals flux-turns, and charge. The core voltage and currents of com- 
plicated waveshape integrate to N@s and Qs + FoT's/N, respectively, 
Which are constants independent of the waveforms involved. The 
fowult is a set of simple algebraic equations which can be written 
jnetically by inspection. 

When cores are considered as pulse transformers, the magnetizing 
(urrent exhibits a waveform such as that shown in Fig. 5.4 when 
(onntant-voltage pulses are transformed. When the source impedance 
ind the load are finite resistances, the actual current waveshape lies 
hwlween that of Fig. 5.4 and a step of constant current. Thus, an 
fmsumption of constant magnetizing current is suitable for almost all 
Applications. 

Transfer Function. An example of the simplifications possible is the 


‘Witlysis of the transfer of a onE from one core to another (Fig. 5.6), 


Weing one of the circuits of Part II. It is possible to write a set of six 
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may thus very often be neglected by judicious selection of design 
procedures. The use of voltage-time integrals to replace voltage 
equations often produces the simplification. The simplifications may 
not always be allowed, as, for example, in design of core circuits for 
memories where precision of the current is the secondary load is impor- 
(ant, in estimating maximum allowable stray capacitance in magnetic 
gircuits, or in predicting voltage waveforms for nonconstant drive 
currents. . 

Capacitive Load. A second example of design using the equivalent 
gircuit is the case in which a core is switched with a capacitive load 
(ig. 5.7). In this case, there are two limiting situations. For very 


Or. 


FIG. 5.7. Core with capacitive load. 


equations for the circuit, two of them (one for each core) being like 
eq. 5.15 (for the equivalent circuit). For convenience this equation 


may be solved for F's, giving 
N*(dg/dt) _ p+ Gs(d¢/dt) 5) (5.20) 
R(y) sg 


This pair of equations, the equation for loop voltage (which pe 4 

dq/dt for both cores), the two equations for the conservation of m ' 

(5.4, one for each core), and the diode equation or curve, form a set 0 
Core: 


I 
—> 
e 
e 
e 
| NO | 


—> 


Io 


Fg = Fot+ 















FIG. 5.6. Transfer loop. 


six nonlinear differential equations for the six variables, Fa, B, Mint dt, 

ddz/dt, Vp, and I. In the practical case, NO attempt is mai ‘ 0 * “a 

these equations exactly, but the equations for F's are rep ~ y 

Fs = Fo + Gs/T's (ea: 5.7) where average values of Fs are = ; a 

Two equations like eq. 5.5, a flux-turns equation (which red pen , 

\ loop voltage equation), two mmf conservation equations li e = : ; 
| and the diode equation or curve can now be solved says y fo 

the variables F (total mmf for core and load), ®s, and 7's, for bot ore | 
Vp,andJ. Since both values of ®s are constants, the voltage varia : a 

can be represented by the two switching times, and are SO pert 
in Chapter 9. This set of equations is of the nonlinear di ae tia, 

type, since d¢/dt appears, and ¢ appears as y = /®s. By integra ing Beereecttor (linear ca stant inp a ‘ 

; + to time, a set of six algebraic equations 18° a ; e saturated core then discharges the capacitor 

all voltages with he's bal t but yield no detailed information ijulle abruptly, possibly resulting in oscillations. The triangular 
| obtained, sar are just as exact, y 4 Waveform actually observed for a core loaded with a large capacitor is 

Cec pcteesihes i ipti . 5.15 (or its shown in Fig. 5.8. 

In general, the more detailed reenter pases of a ni An analysis using the equivalent circuit may be used to predict 
phir i ae reopen? od ll magnetic components are used #roult behavior for the case in which the capacitance is neither very 
ai bitte niy loaded vie il A ne a current transformer) Miiall nor very large. This analysis may be useful for stray capaci- 
sneered sagenienib eB ora memory core). In the first case tanee loads caused by large output windings used to produce high 
See astonish’ f its waveshape F(t) to be important; i yoliuge pulses, and for large capacitor loads which must be charged 
ihe sooond ase i wsualy onstan twough diodes by one pulse (as in Chapter 14 or Section 11.2), in 
eevee ws ef she soskiagiynodie (as shown in eq. 5.15 or 5.20 Which case the rectifier disconnects the capacitor from the core after 

e details o 


small capacitance, the waveform is not greatly affected; current which 
iharges the capacitance during the voltage rise is discharged back into 
the core during the decay of the voltage pulse. This condition leads 
to no net effect on the charge available to switch the core, and thus no 
offect on the switching time, although the rise time of the switching 
voltage is increased and the fall time decreased. For very large 
(apacitors, the net current required by the core is small compared to 
that required by the capacitor. Almost all of the drive current charges 
the capacitor (linearly, in the case of constant input current) until the 
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the peak of voltage has passed. If many core es charge the 
capacitor (as in Section 11.3), the calculations do not apply. 
An equation for drive mmf is 


F, =Fs+ Nic (5.21) 


and Fz is the instantaneous 


io} into the capacitor 
bia igrercte anette ‘Since the core voltage and 


mmf required for switching the core. 








© Switching Voltage 


FIG. 5.8. Switching voltage waveform, core with a large capacitive load. 


capacitor voltage are equal, 


se i ic dt = v (5.22) 
C 
The equivalent circuit for the core states (eq. 5.15) that 
pie hae Rf) (5.23) 
N 
In addition, by Faraday’s law, 
v= Nos (5.24) 


From eggs. 5.20 through 5.24, by eliminating ic, v, F's, and y, an equa~ 


tion is obtained (after one integration) of the form 


Te EC ie 5.25) 
= m Su sata I@ a ( 


where x (eq. 5.19) has been used to replace y, and where f(a) nr 
for f(y), recognizing that, although the quantity is the same, the fu 
tionality is different. The variable u = t/T's is use 


time variable. 








d as a normalized 
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The resistance variation function, f(y) or f(x), starts at low values, 
reaches a peak, and dropsoff. For approximation purposes, it may be 
considered that 


ia (5.26) 


where 0 <2< 1. This function satisfies certain reasonable require- 
ments. Before and after switching, there is no voltage across the core, 
so that having f(0) = 0 and f(1) = 0 avoids discontinuous jumps in 
(he value of the resistance. From integrating eq. 5.19 [rewritten as 


J(«) dx = dy], it can be seen that the integration I Ke f(x) dx = 1isalso 


required. Equation 5.26 satisfies this requirement. Core measure- 
ments indicate that the peak value of f(x) should be given by f(0.55) ~ 
1.65. The approximation gives f(0.5) = 1.50 for the peak value. 
The approximation also has the virtue, in computations, of being 
simple. With the transformation 


ipo pf LL re ae 
Gs 


simplification of eq. 5.25 is achieved. With eqs. 5.26 and 5.27, the 
differential equation reduces to (by introducing D = R,.C(Fa — Fo)/Gs) 


6D(x — x”) dx = zdz+2dx (5.28) 


This equation apparently is soluble only numerically or by iteration. 
The equation has, in fact, been evaluated numerically, and the answers 
hwar reasonable correlation with measured values (+10 per cent). 
llowever, experimental verification suffers from difficulty in defining 
the switching time, as the. waveforms are different for different 
Mapacitors. 

At the end of switching, x = u = 1, so that, from eq. 5.27, 


(Fa — Pols 


21)+1= a, 


which gives the ratio of required drive current at a given switching time 
i» the required drive current for the same switching time without a 


Mapacitor load. The ratio is a function of the single parameter D, 
ov more usefully, of the derived parameter 


Bicssian tds 
21)+1 Ts 





(5.30) 


(5.29) 


ee 
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This latter is the ratio of circuit time constant (R.C)-to switching time. 
The shape of the curve obtained from the numerical solution is shown 
in Fig. 5.9. The knee is near R,C/T's = 9.2. 

The maximum value of z yields a prediction of the peak voltage to 
which the capacitor charges. The prediction is a monotonic function 
of D, from 1.5N5/T's for D = 0 (no 
capacitance), to 2N65/T's for D= ©. 


5.4. Nonideal Cores 


The previous sections describe the 
switching process, under certain reason- 


3 
. able assumptions, of ultrathin metallic- 
3 tape toroidal cores. The effects which | 
ai occur for other materials, or when some 





of these assumptions are not fulfilled, 
are discussed briefly. 
Thick-Walled Cores. Implicit in 
part of the discussion of switching has 
been the assumption that the sides of 
the hysteresis loop are essentially verti- 
cal. With thick-walled toroids (where 
the ratio of wall thickness to mean mag- 
; netic path length is appreciable, such as 
te, AS Required current versus jy ferrite cores) the magnitude of the 
relative capacitive loading. wel 
magnetizing force H at the outer sur- 
the H at the inner surface. For toroids with rotational 
and (from Chapter 2) 














w 


0 1 2 


=D 
2Q)+1 


face,is less than 
symmetry, H becomes a function of the radius r, 
is given by 
Ni 
oe (5.31) 
2nr 


The total flux at any instant is 
¢ = [B(H)dA (5.32) 


where B is magnetic induction, and dA is an element of the eross-sec- 






tional area. If it is assumed that the material has an ideally square 
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Switching waveform i 
waveform 4 each rider = pent ces peat we eds 
ously described is possible. If rege baie ant race 
Ni gives H > He on the inside £ 
surface of thetoroid,andH < Hg 
on the outside, only that part of 
the core for which H > He can 
switch, and the rest of the mate- 
rial is left in whatever previous . 
state existed. The switching 
behavior of thick-walled cores 
can thus be made dependent 
upon the past switching history (a) 
in a way that is not observed 
with thin-walled cores. These 
effects are even more noticeable & 
with special shapes, such as 
multiaperture cores (Chapter 
$1), where a number of different 
flux paths of differing switching 
mmf requirements may or may 
not nee at a given time, de- 
pending upon the pri i 
of the Sades rere, a 
Cores Exhibiting Eddy-Cur- * 
fent-Limited Switching. In wy, 
ores composed of conducting FIG. 5.10. Hysteresis loops of ideal mag- 
Material of sufficient thickness noes TEES A) ocr aca 
od eddy currents to be impor- SUE aA a oh 
nt during switching (such i i ipti 
of switching for ivi meee ey ise at nec oust 
re eddy currents are 


Switching Voltage 
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symmetrical loop with vertical sides, integration of eq. 5.32 shows tha 

the resulting relation between flux and mmf is linear. From the 
material hysteresis loop of Fig. 5.10a, the core hysteresis loop of Fig. 
5.10b is obtained. The ratio of maximum F’2 to minimum F’,; on the 


loop of Fig. 5.10b is the ratio of inner to outer diameter. 








"1G, 5.11, Switching voltage waveform, 2-mil 50-50 nickel-iron tape 


fol important) again fails to a itchi 

' ! pply. For full switching, the equiva- 
a circuit still applies except that the voltage waveform differs 
(Wig. 5.11). The surface of the tape switches first because eddy cur- 
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rents shield the interior. As the eddy currents decay, a wave of switch- 
ing passes from the surface toward the interior.* Eddy currents con- 
tinue to be induced in the increasing amount of material already 
switched so that the rate of switching becomes continually slower. 
The switching rate to be expected for a partially switched core is 
dependent upon the process by which the partially switched state was 
reached (whether the domains on the surface or in the interior are to be 
reversed by the switching). 

Temperature Dependence. One of the core characteristics which 
is a deviation from ideal characteristics is that both flux and mmf 
parameters are ¢emperature-sensitive. The temperature dependence 
of the switching flux @s is accurately predicted for molybdenum perm- 
alloy (Appendix), decreasing 0.056 per cent/°C at room temperature. 
This is the temperature dependence of intrinsic magnetization. Tem- 
perature dependence of mmf parameters is usually not as predictable. 


Temperature dependence in this case is influenced by factors not — 
automatically well controlled, such as heat treatment and impurity ~ 


content. The temperature coefficients of Fo and Fp are negative, 
typically between 0.1 and 0.2 per cent/°C for molybdenum permalloy 
tape cores. (The Appendix gives typical data.) 

Nonunity Coupling. The coupling between windings on square-loop 
toroidal cores departs materially from the ideal (unity) coupling in 
the following two special cases. 

For square-loop cores which are not switching, and especially when 
near saturation, the coefficient of coupling may be far from unity. 


When the specific permeability is low, the toroid is ineffective as @ 
magnetic element. The effect of poor coupling between sector wind- 


ings when the core is near saturation is shown in Fig. 5.12. A change 


of current produces a change in primary flux (hence voltage on the 
primary) but no appreciable change in secondary flux (hence no 
voltage on the secondary). The effect can be used to reduce the 
magnitude of unwanted signals, and also can be used to make ®g, a8 


seen on the secondary, almost independent of drive mmf amplitude. 


For very fast changes in applied mmf, the initial change in flux is 
delayed slightly (on the order of tens of millimicroseconds for $ mil 
molybdenum permalloy). For this reason, the coupling between 
sector windings on a core decreases rapidly as frequency is increased | 


above several megacycles/ second. 


its inductance, such that 








Nonsquare Cores. The ideal nonsquare core is defined purely by 


fodt = Li = JN (5.33) 
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where J is a factor of pro i i i 

: portionality d 
Te ee y determined by the core. An 
¢=JNi = JF (5.34) 


r a proportionality thus replaces the multivalued, nonlinear 
inctions required to describe square-loop cores. Ideal nonsquare 


Primary 






| Poor 
coupling 


Close 


coupling 


FIG. 5.12. Primary and secondary flux. 


Ls hl . . . 
he characteristics of a nonideal square-loop core can be represented 


by a hypothetical nonsquare core in series with an ideal square-l 

wore (Section 5.2). In like manner, the characteristics of sentdi se 
ionsquare core can also be represented by two ideal cores. Th i nd 
Inge of the two ideal cores are identical to each other, Ge bcae 
= This situation reflects the fact that the essential distinction 
wiween square-loop and nonsquare cores is not the cores themselves 


hit whether or not the i i 4 hs ie 
Bleouit, e irreversible (switching) flux is important to the 


5,5 Measurement of Core Parameters 


Then 
ature of square-loop cores leads to certain special specification 


problems. The specification of core parameters is strongly depend 

pon the application. In any case, some sort of sifiehin oh = 
iid some sort of threshold Fp or Fy must be specified Fo ogee 
feed the degree of nonsquareness must also ~ soci? 


suring or specifying core parameters is never as simple as measur- 
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ing or specifying, for example, resistors. On the other hand, the 
necessity for extensive measurement and specification is the corollary 
of the extreme design flexibility which magnetic components possess. 
Flux. A nearly constant core parameter, where sufficient drive 
mmf is assumed, is the switching flux @s. For measuring flux, an 
integrator is necessary. Miller integrators have been used where 
accuracies of 1 or 2 per cent are required, and where the switching 
voltage pulses are short. Such integrators ideally require careful 
design of the low-frequency response to limit the gain and bandwidth 
for thermal noise, without the introduction of droop into the integrated 
waveform. Compensation for droop is described in the literature.® 
At high drive mmf, it may be necessary to distinguish between primary 
and secondary flux, the latter usually being the preferred quantity. 
Peak voltage measurements are sometimes substituted for flux 
measurements, especially for memory applications where voltage- 


sensing amplifiers are used. For many other applications, peak — 


voltage measurements are inferior to flux measurements, since peak 
voltage is sensitive to variations in drive current and in Fo (and 
therefore also to temperature variation in the test area). The switch- 
ing flux @z is much more nearly a constant of the core than is peak 


voltage. 


In addition to measuring flux by using pulses to switch the core, | 


sinusoidal drive is also used. With this method, the core is driven 
through a resistor from a sinusoidal voltage source. The method 
readily permits displaying the &-F loop directly on the face of the 
oscilloscope, and may be more appropriate for cases (such as the cir- 
cuits of Part IV) where the drive waveforms are themselves sinusoidal.® 

It may be desired to measure flux or voltage under conditions of no 
switching or very slight partial switching. The measurements to be 
made should be decided on the basis of the circuit for which they are 
to be used. The circuits of Part II have used cores which are required 
not to switch more than 15 per cent of @g when driven with a pulse of 
low mmf and of 20 us duration. (The value of the test mmf is 0.16 
at for a core for which Fo ~ 0.22 at and for which Fp ~ 0.14 at.) 
This particular measurement was selected because of the type of noise 
pulse applied by the circuit to a core which must not switch more than 


a specified amount. 


Mmf versus Switching Time. The effect of increasing the switching 


mmf on a core is to produce a decreasing switching time. Generally, 


for complete switching, switching times are measured for specifi¢ 


mmf’s. The conditions of measurement to be specified usually includ 


the shape of the applied mmf pulse, including such factors as rise time 
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and overshoot, and a statement defining switching time. Alter- 
rea the ratio of switching flux to peak voltage on the onibelitie 
big ShiA can be used as a reproducible switching time variable. 
- been asec it is desirable to determine the switching constant 
pole lie measurements of switching time at several drive 
Measurements of the mmf necessary for various other effects ma 
“78 be desired. A plot of g versus F shows a discontinuity at i, 
¥ : p exists). The value of Fo may be measured by extrapolating the 
s versus F curve, or, where Fp < F (a condition not always pres 
ent in ferrites), Fy) may be approximated by using the mmf aie : “ni 
(o switch a specific amount of flux in some moderately long time : The 
(ost for 15 per cent of flux in 20 us mentioned above, for exam 1 i 
detect low values of Fo. nao 
_ pe re acta Measurements of the nonsquareness of the core 
onl e in many ways. A straightforward method is to measure 
yback flux yr, when the drive pulse producing ®s is removed. Then 
. ’ 


= Bg ae Or 


a“ instead of measuring ®, at a particular F, db/dF can be measured 
at remanence or at saturation. This approach constitutes measuring 


the nonswitching inductance of the core, since 
d® 
L=N— 
N TF (5.36) 


£ 


ough and the measuring frequency | i 
Bese ip shoves q’ y low enough that no appreciable 


lhe type of nonsquareness measurement also depends upon whether 


- necessary concern is with large pulses driving the core toward 
” uration but not changing its state, or with small pulses in the direc- 
jon to cause switching but of insufficient amplitude. 


Core History Effects. Another important consideration in the test- 


+ of cores is the dependence of the parameter being measured upon 

0 ore history of the core. In memory cores, for instance, F'p serves 

i# a threshold for noise susceptibility, and is a function (by a few per 

Se Ree ier which the core has been reset before the test 
ied. To a much lesser extent, Fp i i 

piilue preceding the reset. Seeger ening Dae 


Wifects of this sort sometimes require that apparently indifferent 


Variables be controlled in measurements which require highly accurate 
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reproducibility. ‘Time between drive pulses can be such a variable, 
as well as the history of drive current. 

Core Winding Effects. Core measurements are sometimes desirable 
after the windings are applied. For example, the measurements 
for switching time include the effects of stray capacitance, which 
tends to increase the switching times. The measurements of square- 
ness ratio can be used to control the winding of the cores, since air 
flux in the winding contributes to the apparent nonsquareness of the 
core. Nonmagnetic measurements on the winding (resistance, turns 
ratio, polarity) are often conveniently included in postwinding test 


procedures. 
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chapter 6 


DIODES 
AND 
TRANSISTORS 


i, di 
| Diodes 6.2 Transistors 


Many texts and articles are concerned with the physics and charac- 
toristics of semiconductor diodes and transistors. Representative of 
these are the references at the end of this chapter. Since a nee 
semiconductor literature exists,!-§ and since this book is concerned ie : 
marily with magnetic devices, this chapter is confined to those ah i 
road sere characteristics which are important to the dlashaaaae 
‘urther, the characteristi i i ini ; 
Agee ae mene are described with minimal reference to 


6.1 Diodes 


The forward characteristics of diodes are usually more important in 
Magnetic circuits than the inverse characteristics. The low volta 
and high current levels put a premium on low forward transient lane 
drops. The low impedance levels of these circuits require only eat 
orate inverse d-c resistance; however, reasonably fast inverse recove 
in important if high repetition rates are required. ad 

Many of the higher current junction diodes are unsatisfactory for 
iiugnetic circuits because of large nonuniform voltage transients 
llowever, some of the gold-bonded germanium types, and some of the 


-yower, high-current, high-speed, silicon types are suitable. Fast 


feaponse is required more for low forward transients than for fast 
73 
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inverse recovery time. These particular circuit characteristics are 


discussed in detail below. 


The forward voltage drop across & diode in response to a step of for- 


ward current Jr is shown in Fig. 6.1. The transient peak volltage V p is 
caused by the high initial forward resistance of the diode at rest. As 
time passes, the forward resistance drops toward a steady-state value 
for the forward current involved. Since the forward current is con- 
stant, the forward voltage exhibits a characteristic proportional to 
resistance which is shown in the figure as initial decay. 








Initial decay 


Terminal decay 


Forward Voltage Drop vp 


Forward 
Current ip 





Waveform, instantaneous forward diode voltage. 
the forward voltage decays essentially 
When the current is removed, the for- 
ward voltage decreases sharply at first and then decays in approxi- 


FIG, 6.1. 


After a suitable period of time, 
to the steady state voltage Vss.- 
mately a straight line to zero. This decay is shown in the figure 


terminal decay. 
Average Forward Diode Voltage. The parameters Vp and Vsgs, 


and the initial decay characteristic, are of primary importance. 
From these, the average forward diode voltage Vp may be obtained as 
function of time duration and forward current. Circuits involvin: 
the switching of square-loop cores are often conveniently expressible i 
terms of voltage-time integrals. If Vp and the durations are known. 
the product is a voltage-time integral; Vp, therefore, is an importan 
parameter. ; 
Two methods of measuring Vp may be used. In both methods, I 

is applied for a time sufficiently long for Vss to be observed. 
the first method, the forward voltage transient is recorded, and Vp 
determined graphically as a function of time. In the second meth 
the forward voltage-time integral is measured by means of an int 

grator circuit. The value of Vp is then obtained by dividing t 
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FIG. 6.2. Waveform, instantaneous and average forward diode voltage 
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FIG, 6.3. Representative plot of Vp limit values. 


Hlapeod time into the inte ite i 
gral at finite intervals. Values of V 
A, 2 ys, and 4 i ' pitti 
tg , an us, as determined by the first method, are shown in 
q & particular type of diode, only maximum and minimum values 
» need be determined. Curves may then be drawn for limit values 








76 Digital Applications of Magnetic Devices 


of Vp as a function of Ir and time duration. Allowances may be 
made for measurement error and temperature range, and the results 
plotted on multicycle log paper, as shown in Fig. €.3. 
Examination of Fig. 6.3 shows that Vp may be aoproximated over a 
wide range of values as 
Vp = QIr* (6.1) — 


where Q and a are constants. The value of a generally ranges between 
0.2 and 0.4 for germanium diodes. 

Inverse Recovery. A short time is required for the diode to recover 
in the inverse direction after the termination of forward current. 
When a forward current is removed from a diode that has been con- 
ducting for some time, and at the same instant sn inverse voltage is 
applied to the diode through a current-limiting resistor, the diode con- 
ducts inverse current for a time because of the ‘nite lifetime of the’ 
minority carriers generated by the forward current. As these carriers - 
are neutralized by the inverse current and by recombination, the 
ability of the diode to conduct inverse current is reduced until the 
inverse current supplied can no longer be suprorted. The inverse 
current transient decays toward a steady state. Somewhere in the 
transient, the inverse current decreases to some specified value which 
represents low inverse conduction. When this point is reached, the 
diode is said to have recovered in the inverse direction. The tim 
between the start of application of inverse voltage and the point 0 
inverse recovery is called the inverse recovery time. 

Other Diode Parameters. There are four otier diode parameter: 
of importance. Maximum power dissipation is the largest averag 
power dissipation allowable in the diode at the temperature specified. 
This figure is generally given for an ambient temperature of 25°C. 
Suitable derating must be made for higher temperatures. Peak 
repeated forward current is the largest forward current permissibl 
under repeated pulse conditions. The figure is generally conservative, 
and manufacturers usually agree to an increased value, if the curren 
pulses are of short duration. Inverse current increases rapidly a 
inverse voltage is increased beyond a certain threshold. (The region 0 
sharp increase of current may be quite different from diode to diode, 
and may vary considerably with temperature and age.) The pe 
inverse voltage specified is generally below the threshold value. M 

mum d-c inverse current flows in a new diode a; a given temperatu 

(usually specified as 25°C) with a given d-c voltage applied. (D 

inverse current varies widely with applied voltage, temperature, an 
age.) Maximum d-c inverse current is a figure of quality only, for it 
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6.2 Transistors 


Transistor reactions to input signals are usually categorized as 
small signal or large signal. Small signals are small amplitude signals 
superimposed on a d-c bias. The bias determines the operating point 
of the transistor, and the small signal causes small changes about the 
operating point. The input signal is considered small if the transistor 
operates in a fashion suitable to be called ‘‘linear’’ for the purpose 
intended. The parameters obtained from the application of such 
signals are called small-signal parameters. The signal is considered 
large if the input signals are too large to produce the prescribed 
linearity. ‘It is accepted practice, however, to confine the term “‘large’”’ 
to those signals which produce switching. Switching, in transistor 
parlance, requires that the transistor pass from a nor-oond voting or 
OrF state to a conducting or ON state, or vice versa. The parameters 
obtained from transistor switching are called large-signal parameters 

lhe following discussion is restricted to the large-signal abate: 
lors of transistors having the characteristics of alloy-junction ger- 
imanium transistors. An explanation of transistor physics is not 
included because of the extensive literature on the subject (repieeauted 
in the references). It is further assumed that basic parameters, such 
in leakage current, maximum voltage, current, and power ratings 
and basic terms such as NPN and PNP are understood. Only thase 
parameters which are important to this book and which are not 
bre madly covered in the literature are explained in detail. 

‘he large-signal parameters of a transistor may be measured in any 
of the standard configurations. This discussion is confined to the 
“rounded-emitter configuration shown in Fig. 6.4. Only leakage 
surrent flows in the load resistor RL when the transistor is oFF al 
emitter junction inverse-biased). Since this current is very small 
the drop across RL is negligible. A square pulse of base current [ 
whon applied to the transistor, causes a collector current zc to fen 
through RL. By measuring the drop across RL, the collector current 
wan be determined. The base-to-emitter voltage vgz is measured 
directly. The important large-signal parameters may be determined 
hy observing these two voltages. 

Large-Signal Current Gain. If the collector supply voltage Vcc is 


oa larger than R,ic, the collector current rises to approach a 
ilofinite value as an asymptote, as shown on the curve marked 0 in 


. 
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FIG. 6.5. ‘Transistor transient waveforms. (a) Collector current transients. (b) 
Base-to-emitter voltage transients. 


Fig. 6.5a. The approached value of collector current divided by the 
value of the applied base current is called the large-signal current gain, 


and has the symbol B. This value is not to be confused with the 


signal current gain B, usually specified for transistors. The value of B 
may be derived as a function of base current Iz from £, if B is known, 
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as a function of the d-c current J4., applied to the base, as follows: 


1 Ip 
= ral BdIq.¢ (6.2) 


The value of B varies somewhat with the collector-to-emitter voltage 
vor, but the variation is small, so that if vez is on the order of 1 or 2 volts 
when tg nears a stable value, the conditions are satisfactory for the 
measurement of B. 

Bottoming Parameters. If Vcc is lowered to a value less than the 
final value of Rzic previously obtained, the transistor cannot deliver 
current at its full capacity. The transistor is then said to be saturated, 
or bottomed. Under these conditions, a very small voltage and a very 
low resistance exist between the collector and ground. These parame- 
(ers are called, respectively, the saturation voltage vg and the saturation 
resistance rg, or bottoming voltage and bottoming resistance. Hereafter, 
the term ‘“‘bottoming”’ is used to avoid confusion with core saturation. 

The more Vec is reduced, the more heavily bottomed the transistor 
becomes, until eventually, with Vcc reduced to zero, the heaviest 
possible bottoming occurs. This characteristic introduces the concept 
of depth of bottoming s, where s is 0 per cent with no bottoming, and 
100 per cent with full bottoming. If B is known, and vs is small 
(standard for alloy-junction germanium transistors), then the depth of 
bottoming may be expressed as: 





s = 100 ( 1- ae.) per cent (6.3) 
or 
s = 100 (1 —_ 5) per cent (6.4) 
BIg 


A fumily of collector current versus time curves is shown in Fig. 6.5a, 
where the per cent of bottoming is varied in steps, as indicated. 

Collector Current Rise Time. The curves in Fig. 6.5a show the 
iwansient responses of Ig to a rectangular pulse of Iz for various depths 
af bottoming. The depths of bottoming are obtained by varying 
Voo. 

The left-hand portion of the curve marked 0 shows the rise of col- 
lewtor current with time. The rise is approximately exponential, 
starting almost as soon as Ig is applied. The short delay before rise 
starta is neglected in this discussion because of its short duration. 
If the rise is considered a pure exponential, then 


ig = BIg(l — &~"") (6.5) 
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where 7, is the collector rise time constant. If the elapsed time to reach 
50 per cent of the final value of ic is T, then 


Ti 


= = 1.4457 . 
jared 1.4457; (6.6) 





Tr 


Collector Current Fall Time. Conversely, when Iz is reduced to 
zero, the collector current decays in an approximately exponential 
fashion and 

ic = BIpe "1 (6.7) 
where ry is the collector fall time constant. If the elapsed time between 
the end of Iz and the 50 per cent decay of ig is T'2, then 


T2 


= = 1.4457 6.8 
jog. 2 2 (6.8) 





Tf 


Storage Time. In bottomed operation, the rise in tc is stopped 
abruptly at a value of tc determined by Vcc/Rx. In terms of depth of 
bottoming, the time required to reach the breakpoint of the rise is 
called rise time 7’,, and is stated as 


100 
T, = 7, loge a (6.9) 


When Iz is reduced to zero, t¢ does not immediately decay, because 
of the excess current-delivering capacity of the transistor, called 
minority carrier storage. The decay of this excess capacity is deter- 
mined by a third time constant called the storage time constant Ts. If 
the current-delivering capability is 7c’, then 


ich = BIpe tls (6.10) 


and ic holds at the bottomed value until ic = tc’. The time required 
to reach ic’ is termed storage time T', and is given by 
100 


rr ee (6.11) 


T, = Ts loge 
At the end of 7's, the trapsistor is no longer bottomed and ic decays 


according to 
(100 — s) tlt, 


100 
Base-to-Emitter Voltage. The base-to-emitter voltage Vaz tran- 


sients corresponding to the I¢ transients of Fig. 6.5a are shown in Fig. 
6.5b. There is a similarity between Yas for s = 100 and the diode 


ic = BIz (6.12) 
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preesie of Fig. 6.1. The waveforms illustrated are complex and 
ae Bs use - - te shown. Fortunately, vsz drops are usually 
pared to the driving voltages. Conse it i i 
: quently, it is pract 
6 use Vpo as Vaz for the unbottomed case and Vp for the sepia 
gy Typically, Vpo is 0.5 volt and Vp is 0.3 volt. Both Vp and 
po may be obtained as a function of Ig from d-c tests. 7 
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FUNCTIONAL 
TERMINOLOGY 


7.5 Functional Elements and Sub- 
systems 
7.6 Logical Design Procedure 


7.1 Nature of Signals 

7.2 Functional Terms 

7.3 Functional Operation of Cores 
7.4 Logic Functions 


The terminology involved in the logical design and operation of 


digital magnetic circuits differs substantially from that of the cor- 


i - nsistor terminology. The differences 
i ae eet orage characteristics of the 


i i the st 
terminology are largely due to 
eae Be Operating functions in spect peat 
i i he storage capability, and ditter 11 
oriented toward effective use of t pa ry 
i i i The definitions and explana 
conventional operating functions. 4 A ae 
i ircul tions in this chapter are thu 
of magnetic-core circuit func he 
i tanding of succeeding chap 
tally important to a proper unders 
Reon of the more important terms introduced in this chapter 


may be found in the Glossary. ; 
The functional design of a system involve 
functional ele 


functional elements into subsystems and complete systems. Although 


g 


nan nape ive orodis 
tions include principally shifting, s ; : 
pit term logical design is generally employed ve rite 6 or - 
i i No attempt is m 
lete process of functional design. ( ttem 
siarerle the field of logical design; the subject is of pein ee 
tance to the purpose of the book, and is well treated elsewhere. 


s the establishment of 


ments and design rules, and the combination of the ~ 
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7.1 Nature of Signals 


To the circuit designer, inputs and outputs are levels or pulses of 
voltage or current received by or transmitted from a device. To the 
logical designer and systems designer, a more appropriate approach is 
to consider an input as any data received by a device, and an output as 
any data transmitted by a device. 

Circuits are not designed simply to produce output voltages or 
currents. The functional significance of a circuit is its ability to 
perform a task or serve a useful purpose, whether by producing a 
physical output or otherwise. Thus, the functional output of a device 
may be represented by a specific lack of voltage or current as well as 
by the presence of a voltage or current. A functional output may then 
be considered to be any output (active or passive) which performs a 
task or serves a useful purpose. 

From a functional point of view, digital signals may be broadly 
classified as either level or pulse. In the more familiar level-signal 
digital systems, the signal (frequently a voltage level) is presented 
continuously to the connected circuits by storage elements such as 
transistor flip-flops. The output of one storage element controls 
(frequently in combination with others) the state of other storage 
elements. Consequently, the inputs to a level-signal system are repre- 
sented by static levels at the output of the system. In practice, the 
levels change with the input signals, and since the paths followed by 
partially manipulated inputs vary in length (and, consequently, 
transit time), the outputs (or signals arriving at significant nodes) are 
gonerally strobed to eliminate transient and extraneous results. A 
timing or clock pulse source is used for strobing. Typical level- 
signal systems use vacuum-tube or transistor flip-flops with diode or 
(ransistor interconnecting circuits. 

In pulse-signal digital systems, the signals (frequently current 
pulses) are presented to the connected circuits by storage elements 
such as square-loop magnetic cores. Here again, the output of one 
alorage element subsequently determines (frequently in combination 
with others) the state of other storage elements. Consequently, the 
inputs to a pulse-signal system are represented by pulses at the output 
of the system. Within the system, the pulse outputs of the storage 
#lements are initiated by a timing or clock pulse source. The input 
signals are processed toward the output in.steps, as timed by the clock. 
‘The square-loop core circuits discussed in this book comprise a major 


~ laws of pulse-signal systems. 
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7.2. Functional Terms 


One restraining influence on the use of magnetic cores in digital 
devices and systems has been the lack of a widely accepted, definitive 
terminology for describing the functional operation of the cores. In 
many cases, a term or set of terms has been peculiar to the purposes of a 
given design group. In other cases (especially in logical design), 
particular functions have been described by symbols on logic diagrams, 
to avoid ambiguity, but the terms used for these functions have often 
been imprecise. 

A terminology for describing the functional applications of digital 
magnetic circuits has been adopted for this book in which ambiguity 
has been eliminated, and by which verbal discussions are possible. 
In selecting and defining these terms, the editors have made a con- 
certed effort to select words in common use, and to be consistent with 
their common meanings. In some cases, one term may include another 
asa subclass. Although an attempt has been made to keep definitions 
general, some sacrifices were necessary to render the terms more useful 
in describing magnetic-core circuits specifically. 

Data and Information. Generally, digital computers and digital 
data-handling or -processing systems treat input signals in fixed groups 
or blocks. Such a group of signals or any array of digits expressing an 
entity, is called a word. (A meaningful entity is not necessarily 
implied.) Digits are understood to include integral members of all 
number systems to any base. The term “digit” is familiar, especially 


as used in the decimal system; it is also employed in the binary system, 


where the term bit (binary digit) is also used. Words may also be 
used to represent numerically coded members of alphabetic systems. 
Any word, group of words, portion of a word, or portion of a group of 
words is called data (and the word or group of words involved is, again, 
not necessarily implied to be meaningful). In modern usage, the term 
“data” is appropriate for both singular and plural forms. Any state 
(of a storage device) representing data is called a data state. 
Data is a generic term including three major classes. The first 
major class of data, information, is considered to be any meaningful 
data of a value not fixed by the nature of the operating mode of the 


system processing the data. A digit or bit of information is, therefore, 
f alternatives, and has 


a member of a set representing a finite number 0 
worth, in that it is useful. Any data state (of a storage device) 
representing information is said to be an information state. The 
second major class of data, fixed data, is considered to be any data of a 
value fixed by the nature of the operating mode of the system proc- 
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— data. Information is variable; fixed data is constant 
4s y pA a sae Se : a device) representing fixed data is said +s 
ata state. e third major class of dat i 
sidered to be any meaning] pia mraeieh se 
gless or useless data (such as old and uni 
esting information, and also noi arrest 
I se). Any data state 
gee Rit reir clutter is said to be a clutter state et oar 
ead an rite. The process of derivin 
g an output (acti ; 
ethene a core involves the determination of cea aa ae 
ion of energy to the core. Any inati 
e. purposeful determinatio 
cea si state (of a storage device) is called sensing, and any se 
ane specifically to cause or permit sensing is called read 
a e aici Reais a desired data state in a core is called 
. Any action, or lack of action, taken specificall 
storage device is in a desired dat sconces eierenm tains 
ray a state is considered to b i 
Writing may be either an acti i pene 
y me ctive or a passive function. Th 
any write involving specific action is called an active write eae 
* ieee specific lack of action is called a passive aahite A 
ssive write must be i 
1 preceded by the establishment of a fixed data 
The combined process of readi 
‘ ading data from one core and writi 
lata in another bee is called data transfer. In general, a date any 
4 any sensing of data from one stora i iti 
ge device and writing of the d 
or some function of the data, in an seach sit 
, other storage de 
the term transfer alone is us ircui eaiacabed ose 
ed. The circuit permittin 
group of cores) to transfer data to a cite tia 
a ainsi second core (or group of cores) is 
amen saesitern aan digital magnetic-core circuits, read is 
tive. uch cases, the data content of a core m 
-_" . . Hs b re 
we to be oo during read; the data once stored by he ae = 
10 longer available to be read. Any read (of i 
the read agent also alters th Tod nak ee 
e data stored by simult i 
(he device in a specific fix i ee 
’ ed data state is called } 
Other core techniques i ia ae 
permit the core to be read nond i 
’ estruc 5 
1 Homa aR read is any read whereby a storage device Sprit 
won sensed necessaril ins 1 isti i 
7 y remains in the data state existing prior to 
tre a nondestructively read core continues to store the data 
, oa t ae may “ be immediately available to be read a second 
, 1@ core, in this case, is said to be in an interz i 
erim state, which i 
fonsidered to be any information or fixed data state (of diner 


ilevice) which cannot be directly and usefully sensed. A separate 


fition, not a write, is needed to make the data available for a subse 
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quent read. This action, called restore, is any action peas 
specifically to remove storage device from an interim state witho 
affecting the information or fixed data stored in the device. Sra See 
_Types of Write. The generic term write is often seg ea 
general discussion of magnetic-core natn’ but in many case 
i identify particular types of write. 
pn csr re wehernaeiek the writing of information, as rare 
with that of fixed data, the term insert is used. An inser : el 
active or passive write performed specifically to place a storage de 
i i jon state. 
‘ ee aden, it is often desirable to consider fixed data ee . 
be of two types, the clear state and the prime state. A clear s e n i 
considered to be any fixed data state (of a storage device) pro ze ad 
by a destructive read, or any equivalent state resulting from an . i : 
performed specifically to produce such a state. _The clear iis e oe 
convenient concept in describing cyclical operation of se ec - 
7.3). Any active write performed specifically to place 3 erat a 
the clear state is called a clear. The prime state is consl 9 rE 
any fixed data state (of a storage device) other than the c = 8 “i 
Any active write performed specifically to place a storage device 
i is called a prime. 
aka ea secs pCO the functional operation of the a 
is less complicated, several additional terms are aeRO use . he 
simplify the description of operation. A specific data Beni 7 
trarily selected as a reference state, and the core is then ie im “ 
away from this state, or reset to it. Any arbitrarily e ecte ee 
state (of a storage device), of specific physical value, . as a a 
ence, is said to be a reference state. Any action performed speci y 


to place a storage device in a data state other than the reference state — 


is called set, and any action performed specifically to return a storage 
: : t 
device to the reference state 1s called reset. 

The special term preset is reserved for any write performed eine a 
system operation. Presetting is generally required as part 0 a 
starting procedure of core systems, and is necessary to cause mer i 
or to clear or prime the cores, in preparation for the start command. 


7.3. Functional Operation of Cores 


Two modes of operation are generally described for square-loop 
cores, the first characterized by destructive read, the vera by a 
destructive read. The amplifying and storage properties of cores & 
discussed in relation to these operating modes. 
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Operating Modes. In general, the data state of a core or other 
magnetic device cannot be determined statically. The core must be 
disturbed in such a way as to produce a signal output at the output 
winding. In sensing techniques involving destructive read, an mmf 
is applied, at read time, which clears the core. If no signal output 
results from the application of read mmf, it is inferred that the data 
state prior to read was physically identical to the resulting clear state 
(for binary operation), and thus identifiable. Conversely, if a signal 
output results, it is inferred that the data state prior to read was 
physically opposite to the resulting clear state (for binary operation), 
and is thus also identifiable. In either case, read leaves the core in 
the clear state. 

The operating mode involving destructive read begins with the core 
in the clear state. Information or fixed data is then written into 
the core (by an insert or a prime, respectively). At some subsequent 
time, the core is read, and is thereby returned to the clear state. A 
cycle of operation consists of one or more writes and a read. For 
binary operation, the clear state and one of the information states are 
the same, although the core is always considered to be in either an 
information state or a prime state following write and preceding 
read. 

The nondestructive read differs from destructive read in that the 
wore, or device, is not cleared by read. Rather, by special techniques 
such as the one discussed in Chapter 31, only the flux in a portion of 
the device is switched, leaving the device in an interim state. During 
road, the device is placed in an interim state, and a major portion of 
the device remains undisturbed and retains the information. Before 
the device may be read again, however, it must be restored. In 
some devices (not covered in this book), restore is spontaneous, 
ovcurring as a natural function of the device upon the removal of 
road mmf. The restore, like the read, only switches flux in a portion 
of the device, leaving the remaining portion of the device unaffected. 

The operating mode involving nondestructive read begins with the 
sore in the clear state. Information or fixed data is then written into 
the core (by an insert or a prime, respectively). At some subsequent 
(ime, the core is read, and is thereby placed in the interim state. 
ollowing the read operation, and in preparation for another read, 
the device is restored. Each such subsequent read is preceded by 
a vestore. Finally, in preparation for another write, the core is cleared. 
A wycle of operation consists of one or more writes, one or more sets of 


~ youd and restore, and finally a clear. Here again, for binary operation, 


the clear state and one of the information states are the same. 
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ifying Function. With the particular exception of the ferro- 
eee Y iron described in Chapter 30, most digital ee 
discrete power pulses to time the operating cycle and to ii Hs - : 
to the core circuitry. Using the timing and power capabl : e = 
pulse driver or drivers, core circuits provide the ability O _ 
digital signals. A core is capable of controlling, in some si . 
depending upon the particular abn eee a ct oer 
while requiring only relatively 
‘ie sie The ee by switching or not switching - bs = 
lar case may be) during read (output), acts to switch the 2 we 
supplied by the driver, to the transfer loop. During wri : - ” 
however, the core switches (or does not switch) in response te) eae 
of relatively low power. Thus, power ye Lae rien c 
i i -power input signal pro 
yr occa ai There nie discrete time difference between the 
ewes and the input, and the input signal is pinnate — 
and retimed in the process. Power amplification 1s genera : aus te 
to overcome the coupling losses inherent to the circuits and to seus 
the load. (The memory core circuits of Part V, one impor 
specialized application, do not provide power ee heme 
In digital systems, it is convenient to consider amplif ca pee eee 
functional point of view. The ability of a stage of aes o tr “a 
digital data to several additional stages is called functiona — wee 
tion. Without functional amplification, it 1s impossible i mec ai 
any but the most trivial digital systems. A core cireuit, for japrin . 
is said to have a functional amplification of 3 if the core - meses " 
transferring data to three other cores. (Power eae — ~~ 
generally, although not always, necessary.) The term ins pe be 
also been used in this connection. In some digital cireul . . 7 
the amplification is a function of the number of input sie + 
sequently, it is frequently necessary to ara or - Y a 
input and output capabilities. This situation 1s 0 ne re ee oe 
the fan-in/fan-out problem. The concept of functiona — pete 
using cores in digital circuits, pecan! applicable to both the des 
i destructive operating modes. 
Oe a eacie: A timing cycle must be used in core ie 
because there is generally an inherent discrete time anges : a 
the input and the output of digitally operated cores. mi haere 
into a core at one clock time is read out at a sabneniien Sine ie ‘ 
during the interval between write and the subsequent rea i A ae 
said to store data. (Although the word storage is preferred, the 


memory is sometimes used.) 
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In the simplest case, where drivers are energized at periodic rates 
determined by the system clock, data is stored for a fixed time. This 
type of storage is called delay (dynamic) storage. Consequently, a 
serially connected chain of core circuits is occasionally called a digital 
delay line. It is important to this type of storage that the read driver 
be triggered and completely controlled by the clock, although the 
clock cycle may have a number of phases or even a submultiple series 
of phases. This type of driver is called a clock driver. 

In other cores where the read driver is not triggered directly by the 
clock, but by a core output representing information, the type of stor- 
age involved is called static storage. Read does not occur after a fixed 
delay following the write; rather, the read driver is triggered by infor- 
mation being processed through the system at such time as the stored 
data is required. Drivers triggered by information are called buffer 
drivers. 

The destructive read operating mode is used for both delay and 
static storage; the nondestructive mode (with the notable exception of 
the multiaperture-core technique presented in Chapter 31) favors 
static storage applications. 


7.4 Logic Functions 


A digital data-processing system must include combinational facili- 
ties which make it possible for the outputs from the system to be a com- 
plex function of the inputs. By means of various techniques, such 
facilities can be made to manipulate and control data arithmetically 
and to make decisions. For the purpose of this book, the com- 
binational circuits which provide these capabilities are called logic 
circuits, and their functional behavior is described by logic functions or 
Boolean functions.) 8 

The 16 possible combinations (Boolean functions) of two binary 
viriables are given in Table 7.1. The table includes, for each function, 
(he more formal name, the truth table, the symbol, the formula (in 
jorms of the familiar AND, oR, and Not functions), and the common 
tame. The more frequently used names are given in the last column, 
ind are those which are followed in this book; other functions are 
olther not used directly or are trivial to mechanize. Combinations of a 
slngle variable are a special case of the two variable functions, and the 
tuble may be extended to include additional variables. 

Certain functions, or sets of functions, by themselves or in combina- 


tion with others in the same set, are capable of performing all of the 


Hoolean functions. These sets are called primitive sets. The most 
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d 
common primitive set, since it closely er our tn eee wes ‘ 
is, i iti dapted to level systems, 18 - 
pc a Other primiti ts are selected 

i primitive se 
d for the formulas in the table. er \ : 
hasaaeded to characterize the logic operations performed by differen 


pulse magnetic techniques. 


Table 7.1. Truth Table, Boolean Functions of Two Binary Variables 


Truth Table Formula col auibis, 
2 Se 
f (AND, 2 
tra writ Ps $ é 4 4 ‘ Symbol oR, NOT) To Be Read as: of Function 
‘uncti 
trivial) 
Falsity 0000 0 f=0 ( 
= db AND 
Conjunction 0001 f = ab aan ses 
ibiti 0010 5 f=ab’ a and not b IN 
ial 0011 f=a a (trivial) 
t IT 
= ta and b INHIB 
inhibiti 1 0 0 f =a’b no 
Reverse inhibition ; wd # ety : mts 
PY 110 @® feHab'ya'b a not equivalent EXCLUSIVE OR 
Nonequivalence 0 aie 
USIVE 
=avyb aorb OR, INCL 
Disjunction Oo 1 Pri vy ff Vv ea 
i ke, 
=a’b’ not a and not b Peirce stroke, 
Conjunctive negation 1000 uF f=a’b pbeneaisturh 
= hb’ ~— a equivalent to b MATERIAL 
Equivalence 1001 & feHabva a ceedal 
NOT 
Negation of a ee we ¢ fz=a' not a os mene 
icati 10411 = seayd' a or no or 
Reverse implication paao Ks 
, f=0' not b NOT 
tion of b 1 1 00 
— 01 => fe=avyvdb not a or b (not used 
Implication hit pave 
Disjunctive negation 1110 T f=a’ V b’ not a or not b Sheffer stroke 
mii (trivial) 
Tautology tT 4 2d f=1 


HRS Tt te eet | 


i ircui i logic functions by two 
Magnetic-core circuits perform the various 
aemeart methods. The first method employs the hee 

is i f other associated circuitry. 
of the core, and is independent o ~ 
i i be performed in this way. 
functions as NOT, OR, and inuiBit may be p 
+ la method employs the associated circuitry, such as aes q 
wiring connections, and does not directly involve the — a 
logic functions as OR, AND, and inuipit may be performed by 


method. 
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7.5 Functional Elements and Subsystems 


The logical designer, once having agreed upon a set of basic circuits 
with the circuit designer, then considers them, either singly or in simple 
combinations, as functional elements. Each functional element per- 
forms a particular function, such as shifting or logical combining. 
For the purpose of this book, functional elements are divided into 
three categories: shifting elements, logic elements, and special elements. 
Combinations of these elements are used to mechanize subsystems and, 
ultimately, entire systems. 

Shifting Elements. Shifting elements are composed of basic circuits. 
These elements produce outputs which are the same as the inputs, 
except for a time difference caused by the delay storage effect. Simple 
serial magnetic-core shift registers (MSRs) are composed of serially 
connected chains of shifting elements. One-bit storage registers, 
wherein a single bit of data is cycled, are dynamic flip-flops and are 
called ping-pongs. Both the basic MSR and the ping-pong are con- 
sidered basic shifting elements. From these basic shifting elements, 
other more complex or derived shifting elements are mechanized. The 
shifting elements are used for counting and for various types of buffer- 
ing. Buffer registers frequently change the manner of presentation of 
data, changing a serial presentation to a parallel presentation, for 
example, or changing the rate of processing data. 

Logic Elements. Logic elements may also be composed of basic 
circuits (or other circuits, such as diode combinations), and are con- 
structed in such a way as to make each output a function of several 
inputs, as described by a logic function. The outputs of logic ele- 
ments follow the inputs after a definite time interval, because of the 
offect of delay storage. This delay is not of direct concern to the logic 
performed by the elements, but nevertheless must be accommodated 
in the design. The delay is most easily handled by assigning the stor- 


igo function to a connecting register, thereby giving one element two 


functions. Shift registers frequently appear to be shorter than neces- 
wary because of this effect. 


attention to the system timing. 


This doubling of functions requires careful 


Several simply mechanized logic functions forming a primitive set 


wre selected as the functions to be performed by a set of basic logic 
elements. 


Elements required for more complex logic functions are 


mechanized from the basic logic elements and are called derived logic 
dloments. 


~ trol applications. 


Logic elements are used in counting, arithmetic, and con- 
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Special Elements. Although data-processing systems are generally 
composed of circuits which are completely compatible internally, 
the circuits are frequently incompatible with terminal circuits external 
to the system. Special elements are therefore provided for input- 
output matching. The special elements are often composed of modi- 
fied basic circuits, and are described by logic symbols for use in logic 
diagrams. Special elements are used to match high-level voltages or 
currents to those of a lower level (or vice versa), and to change pulse 
widths. 

Subsystems. The basic and derived elements are used in combina- 
tion to mechanize more complex functional groupings or subsystems. 
Counters and scalers are a major class of subsystems. Most of the 
counters used in core systems may be classified as either ring, accumu- 
lating, shift-code, or binary counters. Adders and subtractors constitute 
another major class of subsystems. Other types of subsystems are 
also stressed, depending upon the circuit techniques used and the type 
of system being considered. Complete systems are mechanized by 
combining subsystems with various basic, derived, and special ele- 
ments, as required. 


7.6 Logical Design Procedure 


The procedures and techniques employed in the logical design of 
digital systems vary considerably, depending, for a given system, upon 
the choice of basic circuits and upon the service in which the system is 
to be placed. There are a number of general steps, however, which 
must usually be considered. 

The choice of the basic class of circuits to be used is made rather early 
in the procedure. After the choice has been made, the circuit designer 
and the functional or logical designer work in close cooperation to 
develop circuits that will economically mechanize the system. Each 
of the acceptable circuits is assigned a functional or logic symbol 
which, by definition, indicates the electric circuit, graphically depicts 
the functional usage, and implies a definite set of interconnecting 
limitations or logic rules. To the logical designer, each of the symbols 
for the functional elements signifies function rather than physical 
form (Section 7.5). At times, composite sets of functional elements 
are assigned a single symbol. The logical designer then designs the 
system by combining elements into subsystems, each of which per- 
forms one of the major functions of the system, such as counting or 
adding. The subsystems are combined to form the system with care- 
ful consideration of the effects of subsystem delay storage on the system 


te 
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timing. For example, a sin 
t ; gle buffer core must occasionall 
pias ee subsystems to effect the proper match in er 
resis ee sie including logic symbols for all logic plement: 
connecting lines, and notations of speci j 
pecific clock times wher- 
ever pertinent, is prepared. This dia bl 
pe is p gram, together with a 
reaps the age associated with the eyibols and the ae 
she use of each, exactly describes the s it i 
t ystem as it is to be finall 
implemented. The diagram can th i ion 
en be used in the constructi 
rican and maintenance of the system. Throughout oe 
thesis of the system, the basic elements, functional elements, and sub- 


systems are treated as buildin i i 
g blocks; the logical de 
concerned with the details of circuit design, 5 ee 
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PARALLEL 
MAGNETIC 
PULSE 
AMPLIFIERS 


Part II, which consists of Chap- 
ters 8 through 13, describes design 
procedures and representative digi- 
tal applications of a class of core- 
diode circuits known as parallel 
magnetic pulse amplifiers (PMAs). 
The load and the output winding of 
the PMA are in parallel with the 
clock, whence thename. The PMA 
differs principally from the delay 
PMA of Part III in that at least two 
clock phases are required to com- 
plete a cycle of operation. 

The circuits described have been 
developed and applied to a wide 
range of data-processing applica- 
tions, including computation, com- 
munications, data control, and 
memory. ‘The description is based 
upon Bimag circuits developed by 
the Burroughs Corporation. Nu- 
merous devices and systems based 
upon Bimag circuits have been pro- 
duced, and have demonstrated out- 
standing reliability and long life in 
a variety of environments. 
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SYMBOLS USED IN 


CRi, CR2,---: 


Cs 


Ce. 


Cl, C2, °° > 
C1, Co, ane 


Di, Do, roe 


Fa, FB 


Specific logic 
variables 
Specific inserts at 
specific clock times 
Transmitting core 
Receiving core 
Specific SW loop 
types 
Carry 
Capacitor, 
capacitance 
Core following 
receiving core 
Specific diodes 
Lumped stray 
capacitance 
Value, lumped 
stray capacitance 
Specific capacitors 
Specific 
capacitances 
Buffer driver 
inserts at specific 
clock times 
Total applied mmf, 
transmitting, re- 
ceiving core 
D-c threshold mmf 
Switching mmf 
Projected 
threshold mmf 
Noise threshold 
mmf 


Switching constant 


Instantaneous 
current, average or 
constant current 
Charging current, 
stray capacitance 
Loop current 
Collector current 
Diode current 
Critical value of / 


Ty, I2 


K1, K2,---: 


LA, 12, +-- 
Ty, La, eS 


N3, N4, °° ° 


No, Nyc: 


Pn 


Re 


Ri, R2,--- 
Ri, Ra, * * 


$1, 92,- °° 


t, T 


Noise current 
Enabling current 
Input current of 
long pulse dura- 
tion 

Drive current, read 
current 

Upper, lower 
branch current 
current 

Specific special 
loop types 
Inductor, 
inductance 
Specific inductors 
Specific 
inductances 

Slope of Zo during 


T, 

Slope of J during 
Ta 

Integer 

Turns 

Read winding 
Output winding 
Input winding 
Other specific 
windings 

Turns values, 
specific windings 
Decimal fraction 
Noise factor 
(decimal fraction, 
such that prPs is 
noise flux) 
Resistor, resistance 
Copper resistance 
Specific resistors 


Specific resistances — 


Sum 
Squareness ratio 
Specific SD loop 


types 





Instantaneous 
time, time 
duration 
Specific clock 
pulses or clock 
times 
Switching times, 
transmitting core 
switching specific 
numbers of cores 
Inverse noise 
criterion 
Rise time, drive or 
read current 
Loop current rise 
time 
Switching time 
Time for mmf to 
reach threshold 
Minimum read 
current duration 
Drive pulse 
duration 
Specific cores or 
transformers 
Instantaneous 
voltage, average 
or constant volt- 
age 
Plate supply 
voltage 
Base-to-emitter 
voltage 
Capacitor voltage 
Collector supply 
voltage 
Average forward 
diode voltage 
Diode voltage due 
to noise current 
Grid supply 
voltage 
Cathode supply 
voltage 
Supply and clamp 
voltages 
Charging voltage, 
stray capacitance 


ZV 


ZV>p 
gd, ® 
mu 
Pr 


fs 


v 
, 


min, max 


av 


Thyratron plate 
voltage 
Load impedance 
voltage 
Read winding 
voltage 
Core preceding 
transmitting core 
Delay-line 
impedance 
Load impedance 
Transistor 
common-emitter 
large-signal 
current gain 
Resistor tolerance 
(decimal fraction) 
Sum of coupling 
network voltage 
drops 
Sum of back-loop 
voltage drops 
Instantaneous and 
constant flux 
Maximum flux 
difference 
Remanent flux 
difference 
Switching flux 
OR (logic) 
Not (logic) 
(subscript only) 
Minimum, maxi- 
mum value 
(subscript only) 
Average value 
(subscript only) 
Peak value 
(subscript only) 
Value at high, low 
current limit 
(subscript only) 
Value for 
transmitting, re- 
ceiving core during 
switching 
(above term only) 
Rounded off 
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FORM 

AND 
OPERATION 


8.1 Basic Features of PMA Transfer 8.3 Significance of Transfer Loop 
Loops Noise 

4.2 Basic Types of PMA Transfer 8.4 Combining Transfer Loops into 
Loops Systems 


This chapter introduces a major class of magnetic circuits, called 
parallel magnetic pulse amplifiers (PMAs), which generally combine a 
iquare-loop magnetic core with one or two diodes. A binary input is 
received in one winding of the core, and a subsequent read pulse in a 
second winding effects (in conjunction with a diode in a third winding) 
i data transfer to another PMA. Complex systems may be reduced, 
\o a large extent, to simple PMA shifting operations, wherein data are 
shifted through strings of cores under the direction of timing drivers. 
Itelatively few components are required for PMAs operating in this 
fawhion. 

The PMA is distinguished from the series magnetic pulse amplifier 
(SMA) of Part IV in that, in the PMA, the output winding (of the 
fore controlling the transfer) and the input winding (of the core receiv- 
jig the transfer) are effectively in parallel with the driving source. In 
fenoral, PMA circuits are not particularly suited to high-speed applica- 
tions, but are well suited to a wide range of data-processing applica- 
tions, including computation, communications, input-output control, 
(| memory.!-* 

The most significant characteristics of PMA circuits are reliability 
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and simplicity. Each component used is either inherently reliable 
(principally the magnetic core) or is reliable within the comfortable 
tolerances permitted in PMA design. Each component is used in 
such a manner as to emphasize dependence on its most reliable charac- 
teristics. Further, the technique of PMA design has been thoroughly 
analyzed; the capabilities of paper PMA designs are accurately 
reflected in completed systems. The PMA circuit is also inherently 
resistant to interference by system noise, both because of the low- 
impedance characteristic of PMA circuits and because of the integrat- 
ing effect of flux switching. Power consumption is quite low in sys- 
tems employing PMA circuits. In addition, PMA circuits have 
special application in systems requiring operation in extremely adverse 
climates, and under extremes of vibration and acceleration. Low 
average power consumption and long trouble-free service in harsh 
environments have earned for the PMA a well-recognized place in 
the field of digital circuits. 

This chapter describes the form and operation of the basic PMA 
circuit (the transfer loop, Section 8.1) and discusses briefly the major 
types of transfer loops and the general design procedure employed in 
combining these loops into shifting and logic elements and complete 
subsystems. Detailed design procedures for the major types of 
transfer loops are presented in Chapter 9. The methods of combining 
basic PMA circuits into computer subsystems are described in Chapter 
10. Chapter 11 describes several PMA circuits used to trigger PMA 
current drivers and to match input and output devices with PMA 

systems. Current driver design for PMA circuits is discussed in 
Chapter 12, and Chapter 13 describes the systems aspects and applica- 
tions of PMA circuits. A basic knowledge of magnetism and of 
magnetic circuit components and terminology (Part I) is prerequisite 


to a proper understanding of the circuits of Part IT. 







Transfer loop BC 
(forward loop) 






core) 


(load core) 
(receiving 






8.1 Basic Features of PMA Transfer Loops 


T, drive line 


The PMA behaves like a switch controlling the delivery of pulsed 
power (provided by a central driving source) toa load. In the usual 
case, write occurs with a PMA in an unloaded condition, and read 
occurs with the PMA heavily loaded by one or more other PMAs, 
The energy required for read is supplied from a clocked read pulse 
derived from a current driver. Relatively large amounts of read 
energy are thus controlled by small amounts of write energy. ‘Th 
process is considered one of amplification, even though there is a dela 
of at least one pulse time between write and read. 


System clock 


PMA transfer loops in series. 


FIG. 8.1 





—— x —<——— rll 


102 | Digital Applications of Magnetic Devices 


The PMA consists physically of a square-loop core with associated 
windings and coupling network. As shown in Fig. 8.1, PMAs are 
connected one to the next by transfer loops. It is convenient to con- 
sider the design of PMA circuits from the standpoint of transfer loops. 
A transfer loop is associated with data transfer from one PMA (or 
group of PMAs) to another PMA (or group of PMAs). The basic 
forms (Section 8.2) of the transfer loop, combined in various con- 
figurations, are sufficient to build complete PMA systems. 

Form of the Basic Loop. The basic transfer loop (Fig. 8.1) is a 
closed circuit which includes windings on two square-loop cores. This 
circuit permits one of the cores in the loop to transmit an induced 
pulse of current representing binary data to the load core. Thus, a 
data transfer is effected. The transmitting core is termed for con- 
venience core A. The load core, or receiving core, is termed core B. 
Associated with the circuit between cores A and B (the AB loop) are 
additional components (one or two diodes, copper resistance, and often 
a pair of resistors) comprising a coupling network. The complete cir- 
cuit combining the output of core ‘A with the input of core B, and 
including the coupling network, is the transfer loop. The transfer 
loop need not include just two cores; & variety of multicore loop con- 

figurations are possible. 

Windings included on cores A and B relate the transfer loop to 
contiguous loops and to input-output and control circuitry. The 
basic transfer loop includes the output winding N1 of core A and the 
input winding N2 of core B. The N2 winding of core A relates core A 
to the back loop; core A is the B core of the back loop. Similarly, the 
output winding of core B renders core B the A core of the forward 


loop. 


necessary to cause transfer; the source of this current is usually a 
current driver controlled by the system clock. Additional windings 
may be included for special purposes, such as clearing, priming, 
presetting (Chapter 7), and viewing. 

Operation of the Basic Loop. Data is transferred by the presence 
or absence of pulses of current in a transfer loop, and is stored by the 
remanent flux states of the cores. To keep the transfer loops as 
simple as possible, no intermediate storage or delay is provided by the 
loop. Consequently, in an elementary shifting application, data 
being transferred from a core must be directed, by a transfer loop, to & 
clear receiving core. The read process is destructive (Chapter 7) 
and conveniently leaves the transmitting core in the clear state. Th 
receiving core, in turn, participates in a similar transfer. Direct 


The read winding NO on each core provides the read current Io 
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connected cores cannot be read simultaneously, but rather, alternately; 
thus, two cores are needed to process one bit of data. This method of 
data transfer requires that two clock or timing pulses be provided 
(Fig. 8.1), which is generally not:a disadvantage where a number f 
individual drivers are required by: loading considerations. y 
There are essentially three types of pulses applied to the windings of 
any given core. Insert pulses are received from the preceding core 
and represent data received originally from an external data iin 
(although modified, quite possibly, many times). Insert pulses ma 
or may not affect core A, but do not affect core B. All of the safliea 
initiated by the system clock are drive pulses, but of these, only read 
pulses are received. by transfer loops. Read pulses may a a not 
affect either core, but must be present to ensure a transfer of dave: A 
transfer of data is said to take place whether or not core A swritotiais 
. ZERO is written in core B when neither core switches. Drive pwleah 
perform the clear, priming, and read functions; these pulses ma 
emanate from the same driving source. The manner of timin ml 
drive pulses, and of interconnecting transfer loops and sets of pf S 
determines the particular function of each loop or set of loops Back 
gore in the typical system operates in rapidly repeated apidlon each 
S including a read time (when a drive pulse reads the core) anid one 
he - Reborn ~ a drive pulse causes new data to be intro- 
Data may be transferred from core A to core B either uncon- 
ditionally or conditionally. An unconditional transfer is said to occur 
if a sense results from a particular output whenever the core is driven 
toward a given state at any of various windings. The single-diode 
(SD) loop (Section 8.2) is generally used to produce unconditional 
transfer. A conditional transfer is said to occur if a sense results from 
" particular output when the core is driven toward a given state b 
mint applied at one particular winding. The split-winding (SW) ine 
(Moction 8.2) is generally used to produce conditional transfer The 
logic symbols associated with the SD and SW loops and with in . 
ditional and conditional transfers are explained in Chapter beh 
tlectric circuits of the SD and SW loops are introduced in Secti 8 2 
and described in detail in Chapter 9. eas 
Cores are often connected in a series chain of transfer loops, or shift 
foylater (Chapter 7), with two cores required per bit of eapacity. Odd- 
Hiimbered cores are read by one driver; even-numbered cores one read 
iy « second driver. The drivers are phased to read associated cores 


Allornately. The cores in a set thus read are said to be clear until the 
*omplementary driver causes data to be transferred from the com- 
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plementary set of cores into the set in question. Thus, the basic 
operation of the PMA is well adapted to the two-core-per-bit magnetic- 
core shift register (MSR). The MSR prompted the original develop- 
ment of PMAs, and remains the most natural application for these 
circuits. The MSR is used extensively for storage, counting, and 
buffering. 

Components of the Basic Loop. Square-loop cores and semi- 
conductor diodes are the important basic components in the PMA 
transfer loop. No special problems are associated with the other loop 
components, such as resistors and copper wire. 

The magnetic core is the most reliable component in the PMA 
transfer loop. ‘The magnetic material used most successfully for PMA 
square-loop core elements is 4-79 Molybdenum Permalloy wound on 
either a ceramic or stainless-steel toroidal bobbin. Other square- 
loop magnetic materials and core configurations, however, may be 
used. All of the cores employed in the PMA circuits of Part II are 
assumed to be of 4-79 Molybdenum Permalloy; the characteristics of 
these cores are given in the Appendix. 

High-conductance germanium diodes are generally used in PMA 
circuits, since it is generally desirable to keep windings small. Toler- 
ances on forward characteristics should be known not only at high 
currents but also at low currents, where use is made of the nonlinearity 
of the forward resistance. The forward characteristics of the diode, 
far more stable than the reverse characteristics, are used to advantage. 
The reverse characteristics are less important, since the PMAs dis- 
cussed are low-impedance circuits. A medium-speed diode is ade- 
quate for these applications, and, since the diodes are operated under 
pulse conditions, dissipation is generally not a problem. Detailed 
characteristics of the diodes used in the PMA circuits of Part II are 


presented in the Appendix. 


8.2 Basic Types of PMA Transfer Loops 


Two basic PMA transfer loops are in general use. Of the many 
types of loops possible, these two are the most practical and most 
efficient, and can be adapted in various configurations to build com- 
plete PMA systems. The simplest of the two, the single-diode (SD) 
loop, is generally used to perform unconditional transfer. The 


coupling network in this loop includes only a diode and copper resist= 
ance. The second of the basic transfer loops, the standard split 
winding (SW) loop, ind a major modification known as the high-speed 


SW loop are generally used to perform conditional transfer. ‘The tw 
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SW loops differ in that the standard SW loop employs a single windi 
for the sense and read functions, whereas the high-speed SW fee 
are Faeages windings for the two functions. The aie 
ene a oe includes a pair of diodes, a pair of resistors, 
All of the transfer loops described in Part II employ square-loo 
cores. In the figures, the dot notation (explained in Section 4.9) is u dl 
to indicate relative directions of core windings. The iueel oe 
the winding symbol N designates a specific winding; NO is the cal 
winding, N1 the output winding, and N2 the inns winding. Th 
letter also following the N symbol denotes the core on which the me 
ing is wound; this letter is dropped whenever the meaning is shana 


CR1 
e 
° i - 
NO 


tr 
FIG. 8.2. SD loop. 


When the numbers and letters following the N symbol appear as sub- 
soripts, the composite symbol represents the turns values of the wind 
ings and not the windings themselves. ei 

SD Loop. The SD loop (Fig. 8.2) is the basic PMA unconditional 
transfer loop. Whenever core A is driven toward the zERO state, a 
data transfer occurs. The detailed design procedure for the SD 
loop is presented in Section 9.5. 

To describe the operation of the SD loop, it is assumed that core A 
in Initially in the onE state and core B is in the zERo (clear) state. If 
road current Io is then directed into the dot terminal of read aindlin: 
NO, core A switches to the zERo state, inducing loop current I, which A 
permitted by diode CR1 to circulate in the loop. The current I 
witers the nondot terminal of input winding N2B, switching core B to 
the onn state. A ONE is thus said to be transferred from A to B 
(read f rom A and written in B). A zERo is said to be transferred 
When A is in the zmRo state at read time. In this case, A does not 


fwitch and induces only negligible loop current, and B remains in the 

_ eae Pe oe action takes place in either core, and a 
© is transferred. In any case, core A is in the clea 

Wi \e in an information state. aie toate 


Data is written into A at a time prior to A read time by the presence 
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or absence of current directed into the nondot terminal of input wind- 
ing N2A, the winding associated with the back loop. The diode CR1 
blocks any current which tends to flow in the AB loop as a result of 
writing data in A. 

Core B is read in a fashion similar to that described for A, but at a 
later time, thus processing data from left to right. As B is read, CR1 
permits spurious current to flow in the back loop AB; however, proper 
design ensures that this back-loop current is small, near the switching 
threshold value. The higher impedance of the diode at lower currents 
is also helpful in this regard. 

During the interval between the end of the read time and the 
beginning of write time (for core A in loop AB, for example), the core 
is considered to be in the clear state, since it is now in a condition to 
permit new write, although the clear state and the zERO state are 
physically identical in this case. The distinction is one of timing only, 
but is of primary importance to the logical designer (Chapter 10). 

In the SD loop, a diode and some copper resistance form the coupling 
network. This arrangement is essentially the minimal number of 
components possible in any core-diode transfer loop. A technique 
described in Chapter 31 eliminates the diode by the use of a more 
complex core. 

Basic SW Loop. The facility for conditional data transfer is pro- 
vided by the SW loop; when necessary, core A can be cleared or read 

without effecting a transfer of: 
data to core B. Historically, 


CR1 
‘ the SW loop is one type of @ 
class of transfer loops called 
" ° biased-diode (BD) loops. There 
abel CR2 are a number of important varia- 
bi 


tions of the basic SW loop, 

although two of these variations, 

FIG. 8.3. ‘Two-diode loop. the standard SW loop and the 
high-speed SW loop, perform the 
great majority of PMA conditional transfers. All of the conditional 
transfer loops in the circuits of Part II are standard or high-speed SW 
loops. The SD loop and the two SW loops are sufficient to build all 
of the digital PMA systems described. 
The two-diode loop shown in Fig. 8.3 is not a workable circuit, bu 
serves as a conceptual link between the SD loop and the SW loo 
The two diodes prevent a transfer of data not only when core A 
switched by currents other than Jo, but also when A is switched by I 
If, however, the diodes are biased in the forward direction, a su 
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oh ati aan core A is switched to zERO) is permitted to 
in the loop, and the transfer is thus conditi i 
This method of permittin iti anemones 
g conditional i i 
cha ltsiaignebe bot dundee al transfer is made possible by 
mA beers ries te pa aN loop is a modification of the completely 
ig. 8.3, where unblocking of the diodes at th i 
read time is effected. This unblocking i y enuning CAO 
! cted. ing is effected by causin 
ee of drive current to flow through each diode in the PR 
( irection, thus biasing the diodes and “enabling” both to pass a super 
ge loop current I. This loop current is generated when re A 
storing a ONE, is switched to zzRo by J to produce the desired transler, 


M1 CR1 RI 


N2 





FIG. 8.4. Basic SW loop. 


In effect, the switching of core A impedes the current in 
: ee ae loop, Ae pee the increased teen nets 
) core B. ence, both J and J) must b 
for transfer to take place. The dri : : ssp 
equally 80 that the net effect on saoh pan cA ie aaa ie ee 
NO supplies the necessary mmf for switching core A and the shee load 
of core A, NiJ. The resistors are used principally to mask differenc 
emanates Siete thereby balancing the Jo split. The ‘ocodel 
0 0 e diodes are shown i i 
simplifies the schematic diagrams of the it the aed hi difica isi 
Which are to be derived. joutbane oft 
Variations of the Basic SW Loop. To reduce the number of wind 
jie per core, modifications are made to the basic SW loo err 5 
wieh modification (Fig. 8.5), the NO winding is eliminated b ital ie: 
lig the tapped output winding of core A. The net iia? ffe tia 
wore A provides the necessary switching mmf. Loop its ak 
hows in the direction shown, and core B is switched to the ye en t 
I'he magnitude of Z is restricted by low and high limits The we 


om yoro, is obtained when Ns = N; and the N8 winding direction is 
same as that of N1; since there is no net mmf to switch core A 
e] 


» 0, The high limit occurs when J = I/2. This J in the upper 
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branch is then equal and opposite to the halved drive current in that 
branch, and the diode is cut off. For this limit to be reached, the N3 
winding direction must be opposite to that of V1. This opposition 
necessarily results, since the current in the upper branch at this high 
limit is zero, and the switching of core A to the zERo state can be 
produced only by current in the lower branch flowing into the dot end 
of N3. 

At the low and high limits, then, the N3 windings are in opposite 
directions. It follows that there is a value of J between the low and 


CRI ili sins ile 
a 





At low 
limit 
At high 





limit 
FIG. 8.5. Unbalanced SW loop. 
Standard 
SW loop 
High-current 
Low-current SW loop SW loop 
a X 
0 Tx I,/2 
Low are amas! | Higts 
limit limit 


FIG. 8.6. Three ranges of loop current, SW loops. 
high limits where N;=0. This critical value of I is known as [x 
The condition where I = x is particularly useful in that an addition 
winding N3 is eliminated (Fig. 8.7), which also establishes the mini 
mum number of total turns in the transfer loop. 

There are three ranges of loop current of interest, each range rep 

sented by a transfer loop:0 <1 < Ix, I = Ix, andIx <I < Io/ 
(Fig. 8.6). In the first range, I lies between zero and Ix, Ni > Ny 
and the N3 winding is in the same direction as N1. This loop, sho 
in Fig. 8.5, is called the low-current SW loop, and has limited valu 
The second range, where J = Ix and N3 = 0, is represented by 
standard SW loop, shown in Fig. 8.7, the most frequently used of 
SW loops. Finally, the range where I lies between Ix and Jo/ 
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and where the N 3 winding is in the direction opposite to V1, is repre- 
sented by the high-current SW loop. However, since the output wind- 
ings in this loop are mutually opposed with respect to J, it is more 
appropriate to remove the N3 winding from the transfer loop, and 
gas = read winding. This circuit (Fig. 8.8), a modified 
igh-curren oop desi vi = i whl 
ain p designed with J = J/2, is called the high-speed 
Detailed design procedures are presented in Sections 9.8 and 9.11 
for the standard and the high-speed SW loops respectively. The 


CR1 eye? tee 





FIG. 8.7. Standard SW loop. 





FIG. 8.8. High-speed SW loop. 


_ stu the most common, has the advantage of requiring 
oa8 power and has minimum igh- i 
Ce nae aera turns. The high-speed loop is used when 
Standard SW Loop. In the standard SW loop (Fig. 8.7), a resistor 
ii series with each diode ensures proper balance under extrem toler- 
‘nve conditions. The loop current J is superimposed on the enablin 
murrent Is, which is Jo/2.. Thus, the SW loop may be considered ood 
extension of the SD loop, both for understanding and for design of the 
NW loop. As in the case of the SD loop, operation is described with 
fore A initially in the on state and core B in the zmrRo state. When 
1) \n caused to flow, each of the diodes CR1 and CR2 is aprienda igual 


with one-half the drive current, and the transfer loop is enabled 


rT TT ee ee 
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Current entering the dot terminal of N1 switches core A to the = 
state, producing loop current J, which acts to diminish the pedi” “f 
the upper branch and increase the current in the lower nite : PP . 
superimposed loop current enters the nondot terminal o F Ms 
switching B to the onE state. If core A is in the zERo state at pe er 
time, a ZERO is said to be transferred from A to B. The N1 win er 
serves the dual purpose of providing the mmf to switch core A , an : 
coupling core A to the transfer loop. Under some eee : 
be discussed), the inductance (caused by the departure from : ea 
squareness of the core hysteresis characteristic) causes an imba ance 
current to flow during the rise and fall times of I OF A choke in rire 
with CR2 may be necessary to balance the initial inductance of . ; 
and thus prevent the rise and fall time transients from disturbing 
ef SW Loop. The operation of the high-speed dee 
(Fig. 8.8) is as described above for the standard SW loop; bot be 
provide conditional transfer. During transfer, in the high-spee is 
loop, diode C'R1 is reverse-biased. The load (core B) is thus ation 
isolated by the diode from the generator (core A) without adversely 
affecting the transfer of data. Thus, when the parameter oe 
are such as to permit the switching of core B to be completed be a 
that of core A (a condition necessary for complete transfer), t ‘ 
reduced loop impedance does not further load core A. Such ea 
loading occurs in the case of the SD loop and the standard e oom 
(where CR1 is not reverse-biased), and the flux switching rate 0 a 

is reduced, resulting in a longer switching time for core A. cee <a] 
is no tailout in the high-speed SW loop, this loop is used where higher 


speeds are required. 


8.3 Significance of Transfer Loop Noise 


When the remanent flux state of a core in use as a binary device is 
other than those flux states used for the storage of ONES OF ZEROS 
(usually near the major remanent flux states), the core is said to “a 
tain noise flux. In PMA circuits employing metallic-tape ri . 
major remanent flux states are the most effective storage states; 7 
assumed that all of the PMA cores in Part II are normally near these 
states. The amount of noise flux (produced by a noise pete? in 
PMA core is expressed by the factor pn Such that the noise a 
PrPs, and is measured from the major remanent flux state from w a 
the core is disturbed. Since noise currents are produced in tran 
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loops when data is transferred from a transmitting core to a receiving 
core, the effects of these currents must be considered in the loop 
design. Some circuits are designed to tolerate a certain amount of 
noise, even though the switching threshold property provides the core, 
to a considerable extent, with a natural noise immunity. 

Forward Noise. Noise may be inserted into core B when a zERO 
is being transferred from core A. In the SD loop of Fig. 8.2, core A is 
initially in the zERo state (representing fixed data or information) ; 
core B has just been read, and is in the zuRo state (representing the 
clear state), awaiting a transfer of new information. Read current Jy 
applies a zeRO-directed mmf to A which causes a flux change during 
the current rise time, and a short pulse of current is circulated in the 
transfer loop tending to switch B in the ons direction, away from zERO 
remanence. If the use of the loop is such that A may be read many 
times more frequently than B, it is possible for B to accumulate a 
significant quantity of forward noise flux. 

Because of the nonlinearity of the diode in the SD loop and a certain 
amount of leakage inductance associated with the output winding, 
the loop impedance is high relative to forward noise current. For- 
ward noise is, therefore, generally not a problem in SD loops. If, 
in some unusual application of the SD loop, forward noise becomes a 
problem, this noise may effectively be reduced by the addition, to the 
leakage inductance, of a small lumped inductance. 

In contrast, forward noise is frequently a problem in SW loops. 
Comparatively large noise currents are associated with zmro transfers, 
since the dynamic resistance of the biased diodes is rather low, and also 
hecause the output winding and read winding are the same physical 
Winding and no leakage inductance can result. In SW loops, forward 
noise may be either reduced or eliminated by the addition of a small 
inductance in series with the diode in the lower branch. Placed in this 
manner, the inductor somewhat balances the initial inductance of 
(he output winding, so that current transients of the two branches are 
more balanced. 

Inverse Noise. Noise may be entered in the preceding core (in the 
tek loop) when core A transfers a onE to core B. In the SD loop of 
Vig. 8.2, core A is initially in the onx state, and B is in the zERo (clear) 
flute, When the one is transferred from A to B, a small current is 
forood out of the dot end of winding N2A, and is permitted, by the 
forward direction of the diode, to enter the nondot terminal of the 


#ulput winding of the preceding core (not shown). This core is usually 
i the zwro or clear state, since data has just previously been trans- 
ferred to A, and is, therefore, disturbed by inverse noise current I os 


eT 


112 Digital Applications of Magnetic Devices 


In designing an SD loop for inverse noise control, a knowledge of 
the succeeding loop is required. Inverse noise in SD loops may be 
reduced or eliminated by making N2 very small relative to N1. Asa 
consequence, the loop is less efficient during forward transfer ; normally, 
a compromise is made in SD loop design by permitting a certain 
amount of inverse noise to be-entered in the preceding core. This 
practice is permitted, since, for small noise flux values, the loop for- 
ward gain is less than unity, thus eliminating the effects of the noise, 
during the subsequent forward transfer. Ht fy 

The two SW loops are immune to inverse noise, if, as is proper, the 
diodes of the back loop are not biased on at the time when inverse 
noise might otherwise be produced. 

The allowable inverse noise factor, expressed as Dn (where Pn&s is 
the noise flux), and the core switching threshold are related in such a 
way that both should be reduced as a function of the number of 
accumulating inverse noise pulses. However, the change in threshold 
value only appears in the design equations (Section 9.5) through the 
effect of this value on the diode voltage. The effect of this change is 
greatly reduced by the diode nonlinearity, and is therefore neglected. 

Generally, the permissible inverse noise is established on the basis of 
experience. The value pn = 0.1 is generally used for cases where not 
more than one noise pulse can be transferred in the back loop before 
the next forward data transfer takes place. Where repeated noise 
pulses occur, the flux can build up to the point of complete switching; 
in such cases, it is necessary to use a lower value of Pre When several 
noise transfers are effected, these transfers are added in the core, but 
not directly; only a portion of the noise written by each noise pulse is 
retained as a remenant flux change, and the change in remanent flux is 
greater with larger noise pulses. For n separate noise transfers, a 
conservative noise factor value, pn/ +/n, is used. 

The noise threshold mmf F op has been chosen for the core testing pro- 
cedure on the basis of harmony with other tests (Chapters 5 and 13, 
and the Appendix), and is used to determine the inverse noise current 
Ip. At best, only partial switching of back-loop core B can occur, 
because in the inverse direction the turns ratio is less than 1. The 
core receiving the noise switches at a very slow flux rate, and conse= 
quently the mmf effecting the noise transfer is only slightly over the 
d-c threshold mmf Fp. And, although the core receiving the noise is 
switched at a very low flux rate, the impedance of this core tends to 
vary in such a manner as to hold the noise current relatively constant, 


and at a value slightly over the threshold. On the basis of these 
f 
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inverse noise switching characteristics, it is assumed that Ip = Fop/N1 
(more conservatively, I, = Fp/N). 


8.4 Combining Transfer Loops into Systems 


The basic PMA transfer loops are used in more or less complex com- 
binations for various functional applications in PMA systems. In 
the logical design of these systems, it is convenient to consider the 
transfer loops as building elements, and to use these elements to develop 
basic shifting elements (Section 10.2), derived shifting elements (Section 
10.3), basic logic elements (Section 10.4), and derived logic elements 
(Section 10.5). These elements are combined to produce subsystems, 
such as counters (Section 10.6) and adders (Section 10.7), and, ulti- 
mately, complete systems. The use of the various basic and derived 
elements, in conjunction with a worst-case design philosophy (Section 
)),1) and a set of rules determined by circuit limitations, simplifies the 
logical design task by permitting concentration on the interrelation- 
ships necessary to ensure effective total system performance. Several 
special PMA elements (Chapter 11) are also required, to match inputs 
and outputs between a given PMA system and its associated external 
dircuits. A few nonmagnetic circuits are required for basic control of 
tystem operation, such as current drivers (Chapter 12) and basic 
(iming generators. 

When the general form and requirements for a PMA system have 
hen established, circuits and components are chosen which are most 
suitable and adaptable to the application involved. The operating 
#ivironment, for example, affects the choice of components. A group 
of preliminary circuit designs is then made, generally using the worst- 
tine design technique. Where special applications dictate, and circuit 
iharacteristics permit, modifications to these preliminary designs 
ive made. Concurrently, a set of preliminary logical designs is 
fiade, Since there is limited freedom in both circuit and logical 
(lonign, and since the two processes are heavily interdependent with 
feapect to such factors as loading, a second or third set of designs for 
Hoth cireuits and logic is required. A dependence on the nonmag- 
fwtic circuits may also involve several sets of designs, each set 
wing more satisfactory to the mechanization of the system than the 
previous set, until a satisfactory compromise is reached. Packaging 


fonaiderations (Section 13.4) are also involved, although frequently to 
ft lowwer extent. A number of distributed effects (Section 13.1) 


lweome important in the construction of complete systems. 





r 
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PMA 
CIRCUIT 
DESIGN 


9.1 Design Philosophy 9.8 Detailed Design of the SW 

9.2 Parameter Tolerances Loop 

0.3 Fundamental Equations and 9.9 SW Loop Design Modifications 
Relationships 9.10 SW Loop Design Example 

9.4 Design Procedure 9.11 Detailed Design of the High- 

0.56 Detailed Design of the SD Loop Speed SW Loop 

0.6 Loop Design Modifications 9.12 Parallel SW anp Circuit 

1.7 Loop Design Example 9.13 Special Analyses 


Virtually all of the parallel magnetic pulse amplifier (PMA) circuits 
used to perform logic functions are variations or combinations of two 
of the basic transfer loops introduced in Chapter 8. The basic form 
and operation of the SD and SW loops, and their usefulness in built-up 
direcuits and systems, are described in Chapter 8. The methods of 
(ombining SD and SW loops into complete shifting and logic systems 
aro described in Chapter 10. The fundamental characteristics of the 
lnic loop components, discussed in Part I, are important to the 
(levelopment of the detailed design procedures, and the tabulations of 
the characteristics of specific components included in the Appendix 
ave used frequently in the design examples. 


9%.) Design Philosophy 


The development of a detailed design procedure must be preceded 
hy the formulation of a basic design philosophy. If the design pro- 
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cedure is to be highly reliable in large system applications, the design 
philosophy should be approached on a worst-case basis; circuits must 
operate under the worst combinations of parameter tolerance varia- 
tions. In addition, a set of circuit design modules must be prepared in 
conjunction with shifting and logic requirements, to ensure optimum 
employment of circuit types, and to free the logical designer from the 
hindrance of considering circuit performance details. 

Worst-Case Design. The ability of a circuit to operate effectively 
is a function of the magnitude of the various characteristics of each 
component part. It is not difficult to arrange a circuit to operate, if 
each characteristic of each of the components selected has a precisely 
known value. This method of “design” is not satisfactory, for, if 
more than one circuit is to be built, the custom fitting of parts made 
necessary by such a method is far too costly in time and materials. 
It thus becomes important to develop a design philosophy which 
allows many circuits to be built with randomly selected parts, wherein 
the characteristics of each part fall within a designated range of values. 
Each of the parts is thus known to operate within tolerable limits, 
and is therefore acceptable. The worst-case design philosophy, 
when applied to circuits, ensures that these circuits will always work 
(with a probability of 1 for specified parameter tolerances) under all 
possible combinations of assigned parameter variations. 

The tolerances should accommodate a reasonable manufacturing 
variation, as well as an allowance for aging and temperature variation. 
The circuit designs therefore ensure proper operation under all com- 
binations of assigned parameter variations, not only at the time of fab- 
rication, but also over the useful life of the assembled equipment. The 
reliability of PMA circuits is such that this useful life is considerable. 

Modular Design. Prior to formulating the details of the system, 
the circuit (transfer loop) designs selected for the final set are inter- 
related in such a way that the performance of each loop applied to the 
system design is independent of effects such as noise from contiguous 
loops. Various arrangements of these loops may then be combined 
according to functional requirements, without further regard to circuit 
design. This method of modular design is not entirely possible, how- 
ever, since spurious noise transfers are a fundamental characteristi¢ 
of most types of transfer loops. The A core in an SD loop, for exam- 
ple, is susceptible to inverse noise (Section 8.3) propagated by the 
switching of the B core in the forward loop. Since the voltage induced 
across the input winding of the B core is a function of switching time, 
the tolerance of an SD loop to inverse noise may be stated in terms of 
the read switching time of the forward loop. This statement of inverse 


loop design. 
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noise in the SD loop becomes one of a set of rules for the use of the SD 
loop in a system. A similar set of rules is devised for the use of each 
designed loop. All of the sets of rules are formulated in advance of 
the system layout. The rules then permit the logical designer (Chap- 
ter 10) to concentrate on the functional aspects of the system, and 
avoid the circuit aspects. The logical designer is, accordingly, free 
to work in terms of functional combinations of PMAs, such as shift 
registers, counters, and logic groupings. 


9.2 Parameter Tolerances 


Nominal values of component characteristics are of little use in cir- 
cuit design, since nominal equations have no practical value, except 
perhaps for a preliminary study in the design of a new type of circuit. 
Worst-case designing requires component parameters to be specified 
by limiting values. 

For convenience, circuit parameters are separated into two major 
categories. The first of these categories includes the amplitude, rise 
(ime, and duration of the externally applied read current. This 
category of parameters is further grouped so that the minimum 
implitude, maximum rise time, and minimum duration describe the 
low limit (since the current-time quantity is here a minimum), and 
(he maximum amplitude, minimum rise time, and maximum duration 
(loscribe the high limit (since the current-time quantity is here a maxi- 
mum). Subscripts L and H are used to denote the low and high limits, 
rospectively, of the read current. 

The second category of circuit parameters includes the circuit com- 
ponent parameters, which are permitted to take on limits independ- 
ontly of one another. The minimum and maximum limits of each 
(omponent parameter are designated by min and maz subscripts. 
Thus, the limits of the read currents are fixed and the component 
jurameter limits are allowed to assume a dependent status. 


9.9 Fundamental Equations and Relationships 


The design of PMA circuits employs, in addition to Ohm’s law, a 


Humber of laws and relationships describing the behavior of com- 


jonents. Several of these laws and relationships are stated or derived 
i) Chapters 2, 4, and 5 and modified for application to PMA transfer 
Also, several reasonable assumptions are made. 
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Faraday’s Law. Faraday’s law (Chapter 2) relates voltage to the 
rate of change of flux, such that 
dt 
= N— 9.1) 
v ; ( 


or 
No = A vdt (9.2) 


Core Switching Time versus Applied Mmf. The straight-line 
formula approximating the dependence of switching time 7's on switch- 
ing mmf F’, is expressed as 


Gs 


Fa= 7, — (PJ +P 


(9.3) 


where 7’, is the drive current rise time, Fo is the projected threshold 
mmf in ampere-turns (for 7 = ©), and Gz is the switching constant 
represented by the slope of the curve (Chapter 4). The appendix 
contains various curves plotted from this formula. 

Diode Voltage versus Current. An equation may be written for 
the V versus J relationship of the diode, but this equation is not con- 
venient for design use because of the exponent involved (Chapter 6). 
Consequently, the plotted diode characteristics given in the Appendix 
are used. 

Basic Loop Equation. From Kirchhoff’s voltage law and eq. 9.2, 
the basic loop equation may be written as 


) fpva= > Na=0 (9.4) 


loop loop 


and is the same for both the transmitting and receiving cores. In this 
chapter, it is convenient to solve for N. To accomplish this solution, 
each voltage-time integral is divided by the transmitting core switch- 
ing flux to provide an equivalent number of turns, so that eq. 9.4 
becomes q 


> N=0 (9.5) 


loop 


Equation 9.5 states, in effect, that the output winding “turns rise” 
‘must be equal to the sum of the “turns drop” of the input winding and 
the “turns drop’’ of the coupling network. 
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Basic Node Equation. As presented in Chapter 5, the basic node 
equation may be written as 


Yar =0 (9.6) 
core 
which states, in effect, that the mmf supplied must equal the sum of 
the mmf required to switch the core and the mmf represented by the 
load. 

Loop Current Assumptions. In the usual case, the loop current is 
the load current of the transmitting core. The load mmf produced by 
the loop current and the output winding of the core is usually large 
compared to the switching mmf of the core. Consequently, from eq. 
1.6, the loop current has nearly the same character as the read current 
which supplies the mmf for both switching and load. If the read cur- 
rent is a constant-current pulse, the load current is very nearly a 
constant-current pulse during the time that the transmitting core is 
switching. After switching is complete, the load current is zero. 
lor convenience, the transition is considered to be abrupt. 


9.4 Design Procedure 


The general design procedure for the basic PMA transfer loops is 
ostablished as a set of design steps which can be used for the basic 
loops, or adapted and applied to less basic loops. Wherever possible, 
wach loop is designed independently of contiguous loops, but allow- 
ances are made for the use of these loops in any combination permitted 
in a given system. Use is made of iterative procedures and tabulated 
intermediate results for compatibility with automatic digital computa- 
tion techniques. For convenience, switching flux @s, switching time 
1's, and total applied mmf for A and B cores in a transfer loop are 
indicated as ®4, bg, T4, T's, Fa, and Fs. 

Known Data. The point of departure in circuit design is generally 
(lotermined by certain circuit parameters which are fixed by considera- 
lions external to the circuit to be designed. Some of these parameters 
rewult from the initial system specifications; others are determined in 
Honjunction with the design of related circuits in the same system. 
All of the data assumed known in the design examples in this chapter 
fall into these two categories. In each of the examples, the following 
are Assumed known: 


|, Core mmf versus switching time curves (Fig. A.1). 
%, Core details needed to determine switching flux (Section A.1). 
4, Diode current versus voltage curves (Fig. A.9). 
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4. Copper resistance versus turns number curves, Rc versus N 
(typical values assumed for each example). 

5. Highest and lowest read current amplitudes, Jow and Joz, 
respectively (given in the example). 

6. Highest and lowest read current rise time, T,, and T;2, respec- 
tively (given in the example). 

7. Minimum read current duration, 7'9 (given in the example). 

8. Number of cores into which, and from which, data are to be 
transferred (given in the example). 

9. Noise factor pn, allowed for the SD inverse noise evaluation, 
where p,®s3 is the noise flux. : 


Data to Be Obtained. The purpose of the design procedure is to 
furnish the unknown physical parameters which directly specify the 
desired circuit (such as winding turns and resistances), and the sig- 
nificant dependent characteristics determining the suitability of the 
circuit for specific uses (such as switching time limits and voltage 
drops). In each of the examples, the following must be found: 


. Turns on each winding. 

. Size of the coupling network components. 

. Longest switching time of the transmitting core. 

. Shortest switching time of both transmitting and receiving cores. 
. Inverse noise criterion (for SD loops). 

. Voltage drop presented to the driver. 


aor whd 


Design Approach. The PMA circuits described in Part II are 
based upon the current mode of operation; in design and operation, 
freedom is given to the current, leaving the voltage in a dependent 
status. Thus, the circuits are driven from current sources, and pri- 
mary use is made of the /’s versus T's equation. The impedance of 
the driver must be sufficiently high to keep changes in current ampli- 
tude within tolerance after the switching impedance of the core drops 
to zero. With the driver inactive, the impedance looking back to the 
driver must be sufficiently high to prevent loading on the cores when 
they are switched by other cores or drivers. 

Since energy can only be transferred while a core is switching, the 
switching time of the transmitting core must always be equal to or 
longer than that of the receiving core (T'4-> Ts) for complete transfer, 
As the read current increases, the inequality in switching times 
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proportional to the current raised to a power of 1 or less. The expo- 
nent is 1 for a resistance, and less for a diode (Chapter 6). Therefore, 
the circuit is designed at the low limit of read current, letting T4 = T's 
with the assurance that for higher read currents T'4 > Ts. 

The design procedure makes use of the fundamental equations and 
relationships of Section 9.3, applying them at the limits of read cur- 
rents (Section 9.2), where each equation is written to express the worst 
combination of component tolerances (Section 9.2). The loop and 
the read windings are designed at the low limit of read current with 
1’, = Tz, using component tolerances at their adverse limits for trans- 
ferring a ONE. The longest possible switching time of core A is then 
checked at the low limit of read current by reversing the component 
tolerances, which in effect results in the most favorable transfer of a 
one. An inverse noise criterion 7’, is then calculated for SD loops 
(but is not needed for SW loops). This criterion is independent of 
the read current, since the loop is susceptible to inverse noise only when 
the core is being switched by contiguous loops. The shortest switch- 
ing times are then found at the high limit of read current. These 
switching times are subsequently used with the inverse noise criterion 
in assembling loops into a system. A calculation of the maximum 
read-winding voltage is then made for estimating system driver voltage 
awings. 


9.5 Detailed Design of the SD Loop 


The steps to be followed in the design procedure for the basic SD 
loop are presented in Table 9.1; the circuit for this loop is shown in 
ig. 9.1. Equations and other information necessary for each step 
are listed. The fundamental equations and relationships presented 
\n Section 9.3 are applied to the generalized design approach of Section 
),4 as the basis for the detailed design procedure for a specific transfer 
loop. Complete details for the design of the basic SD transfer loop 
(an be obtained from this procedure. 

Step 1 (Value of Output Winding). The basic loop equation (9.5) 
wider worst-case conditions of complete ONE transfer becomes 


N 2P Bmax z Vi max T' ai max 
N, = esis 4 OY imax” Bmax 9. 
: D4 min = P4 min ( 7 


(gnno transfer is discussed in conjunction with forward noise in Sec- 







increases, for 7'z decreases at a faster rate than does T'4. This rela 
tionship holds only if the rise time is small compared to the switching 
times, and only if the voltage drop caused by the coupling network is 


tion 9.6). Maximum and minimum flux values are given. A selec- 
tion of T'prmax i8 made from Fig. A.2 (curve 1). The chosen value of 





| . 
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T' Bimax Must be considerably shorter than the given minimum read 
current duration (typically less than one-half), and also shorter than 
the switching time corresponding to an arbitrarily chosen 1.5F 9. 
The maximum coupling network voltage drop 2Vzmax is given by 


fo 4 V pimax + IiRemax (9.8) 


where J, = Fgzmax/N2 and Fgrmax is taken from Fig. A.2 (curve 1) 
at the 7'azmax point. The maximum diode voltage drop Vpzmax iS 


Table 9.1. Design Steps, Single-Diode Loop 


Drive 
Step To Determine Symbol Current Equation 

1 Value of output winding Ni low 9.7 

2 Value of read winding No low 9.9 

3 Longest switching time for T Atmax low 9.10 
transmitting core 

4 Inverse noise criterion T'p ae 9.11 

5 Shortest switching time for T Amin high 12 
transmitting core 

6 (Verification of step 5) —....... high 9.13 

7 Shortest switching time for T BHmin high (values obtained © 
receiving core from curve) 

8 Maximum peak voltage drop V onPmax high 9.14 





obtained from Fig. A.9, using Jz. The copper resistance, with mini- 
mum and maximum limits, is given. From eq. 9.7, a range of Ny 
values is calculated for an arbitrarily chosen range of N2 values. The 
N, values are rounded off for convenience by arbitrarily dropping 
fractions less than 0.3, and by taking the next highest whole number 
if the fraction is 0.3 or greater. (The rounding-off symbol is a curved 
line placed above the N symbol.) 

Step 2 (Value of Read Winding). The basic node equation (9.6) 
used to determine the value of NO under worst-case conditions of com- 
plete onE transfer becomes 





us Nilz 4 Pabmex 


N 
. Tou Tox 


(9.9) 


The quantity F4rmax is the maximum mmf needed to produce a 


switching time 74, equal to 7'gz, and is obtained from Fig. A.2_ 


(curve 2). Loop current J; is taken from step 1; Zo, isgiven. Arange 
of No is calculated for the range of N» chosen in step 1. 
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Step 3 (Longest Switching Time for Transmitting Core). Under the 
most favorable combination of tolerances for a ONE transfer, T, > Ts, 
not 74 = 7 (as was assigned when values for turns were computed). 
Core B switches completely before core A, further loading core A 
(because of the reduced impedance of the transfer loop after T's), 
and increasing 74, thereby causing tailout. To illustrate this phe- 
nomenon, it is assumed that a low-flux core A and then a high-flux 
core A are used to transfer a ONE through the same transfer loop to 
the same core B. The switching time of the low-flux core (flux pro- 
portional to the area under the dotted curve of Fig. 9.2) is equal to that 
of core B (14 = Ts). The switching time is somewhat greater 
(14 > Ts) when a high-flux core (flux proportional to the area under 
the solid curve) is used. In practice, the tailout becomes worse (as 
compared with this example wherein only tolerances on @,4 are con- 
sidered) because of the tolerance effect of the other circuit parameters. 
In effect, the time in excess of 7'z which must be allowed to accom- 
modate the effect of tailout allows core A to be cleared so that it is 
receptive to write. The speed of operation is unfortunately reduced 
thereby. The following analysis for this design step generally provides 
acceptable results; however, if required, the more accurate p analysis 
(Section 9.13), which more accurately considers the change in loading, 
may be used. 

The basic loop equation, when solved for 74 and used to determine 
the maximum switching time of core A for comparison to minimum 
road current duration, becomes 


N 18 Amax fan N 2Ppmin 


10 
ZV rite ZVimin (2,10) 


T aLmax = 


where DVimin = Votmin + ItRemin. The minimum diode drop is 
obtained from the diode curves, using J, as determined in step 1. 
More accurately, Jz, is slightly larger (Section 9.13) than the value 
tletermined in step 1, but the result in assuming the value from step 1 
is conservative. The difference between real and assumed values of 
/, \s very small. For verification, when 7’, increases (because of the 
reversal of tolerances assumed in step 1), the mmf load increases and 
I’, decreases, since the drive has been held constant by NoJoz; how- 
ever, although the per cent decrease in F', is significant, the per cent 
jnerease in transfer current is negligible, since NiJz is considerably 


greater than 74. Furthermore, only the voltage drop produced by 


the change in J; is of consequence, and the nonlinearity of the diode 


yeduces the effect of the current change on this voltage. The flux 
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values and wire resistance are given, and T'47max is calculated for the 
assigned range of Nz. If Tazmax is greater than the minimum read 
current duration, a new design must be initiated by assuming a faster 
switching time for core B in step 1. 

When core B is in the one state at read time, s becomes zero, 
thereby producing the longest possible tailout T4rmax- For a loop 
with two B cores, it may be that T rmax Never occurs (or is excluded 
in the system logic design because the tailout is too long) ; Tr max and 
T4zmax May then be of more significance. (The superscripts indicate 
the number of B cores switched by core A.) In the case of Thitmact 
eq. 9.10 is used as stated; in the case of Titmax, 2N2®pmin is used in 
place of Ne®gmin. The consequence of reading two A cores in the 
same loop is an extremely long tailout, since the coefficient of Ni® 
is then 2. 

Step 4 (Inverse Noise Criterion). The next value to be determined 
is the minimum permissible read switching time for core B, dictated 

by a specified inverse noise transferred by core B into core A. This 
switching time is called the inverse noise criterion Tp. The flux 
written back into core A must not exceed a prescribed p,®amin- 
The value of 7’, is computed for each member of the family of N»2 
designs. The appropriate N2 design to use for a given application 
is that design in which 7’, is just smaller than the read switching time 
of the B core (or cores) during read. The inverse noise tolerance (dis- 
cussed in Section 8.3) of the designed loop increases with decreased Tp. 

The basic loop equation is rewritten with the functions performed 
by the normal input and output windings interchanged, and with pn 
as the coefficient of 4. When the equation is solved for the switching 
time of core B (represented as T'p), 


— Nos _ PraNiPamin 
ZV penis ZV min 





T. (9.11) 


where the back loop voltage drop 2V , due to the inverse noise current 
Tp, (Section 8.3) is 2Vpmin = Vopmin + JpRemin and Ip = Fop/N1. 
The parameter tolerances normally used are those rendering the maxi- 
mum Ty. For &4, these tolerances are obvious; for @z, additional 
analysis is required. 

Although rather arbitrarily chosen in magnitude, p, determines the 
maximum noise; no change in parameter limits produces a. greater 
noise. Analysis shows that the proper choice of tolerance limit for 
$s, with respect to pr, is a function of the two loops taken together, 
However, it is the object of the design procedure to design individual 
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loops, having interrelated criteria if necessary, and not to require a 
simultaneous solution for several loops. 

In practice, when core B is switched unloaded, as in the case of 
clearing or priming, ®gmax is used. (There is no tailout for unloaded 
switching, and the voltage is relatively high.) When core B is 
switched loaded, as in the case of normal read, ®gmi, is used. In 
the latter case, an overdesign is avoided (7', is not made unnecessarily 
large) since the voltage tail of the voltage-time curve produces little 
or no inverse noise because of the threshold effect of core A. 

Step 5 (Shortest Switching Time for Transmitting Core). Steps 5, 
6, and 7 are required only to aid the choice of contiguous SD loops 
for comparison of the T', values of those loops, as discussed in Section 
1.7. Briefly, Tx of a loop is the shortest read time of the B core of 
the loop which writes into core A. The value of this. read time is 
determined at the high current limit, since the switching times decrease 
with increasing current. 

The general method of determining the switching time of an.SD 
loop circuit involves an iterative procedure, using the equations of 
steps 5 and 6. However, by a reasonably intelligent choice (in mag- 
nitude) of a sensitive variable in the equations, a sufficiently accurate 
solution results from the first application of the equations. Thus, 
by properly choosing Jz in 
Ni®amin N 2®pmax 


ZV Hines re. 2V gus Ota 


T anmin zi 
Where 2V ymax = Vonmax + InRemax, @ valid result for the switching 
time is obtained. The loop current Jy increases with the read current, 
but at a slightly faster rate. (The assumption made for I is verified 
in step 6.) 
Step 6 (Verification of Step 5). The choice of Jy in step 5 can be 
#ompared with the value obtained from 


o Nolou — Faumin 
M1 


lor verification. The switching mmf may be obtained from Fig. A.2 
(ourve 4) for the switching time found in step 5. If the value of Jy 
obtained from eq. 9.13 is different from the value assumed in step 5, a 
ew value of Zz must be assigned, and a recalculation of eq. 9.12 is 
performed. 

Step 7 (Shortest Switching Time for Receiving Core). When the 
Joop to be designed switches a core to a state opposite that produced by 
‘iother loop writing into the same core, a value of T'gymin for one loop 


Tn 





(9.13) 





rT 


126 ; Digital Applications of Magnetic Devices 


is required for comparison with the 7'p of the other loop. This value 
is read from Fig. A.2 (curve 4), where the switching mmf equals the 
product of the loop current and the input winding. 

Step 8 (Maximum Peak Voltage Drop). The maximum peak 
voltage drop presented to the driver by the read winding at the high 
limit of read current Voypmax is calculated from 


VouPmax = Me (Hist aes + EV aa) (9.14) 
Ni T BHmin 

The form factor 1.65 (Section 5.3) is used to determine the peak voltage 

drop of core B. Except for reflecting this peak, the heavily loaded 

core A produces a relatively constant voltage drop. The value of 

DV umax is obtained as for eq. 9.12. 

In an alternative approach, eq. 9.14 is applied to the low limit of 
read current; it is then required that the loss in regulation caused by 
the inability of the driver to supply the necessary voltage at the high 
current limit will not reduce the current below the low limit. 


9.6 SD Loop Design Modifications 


Occasionally, because of unusual applications, certain phenomena 
normally neglected in the design of the SD loop become important. 
In such cases, slight modifications to the design become necessary. 
One of these phenomena is associated with zero transfer, which may 
cause noise to accumulate in the receiving core. The other phenome- 
non is associated with the load placed by a back loop (or loops) on a 
core being read. 

Forward Noise During zero Transfer. On rare occasions, core A of 
an SD loop may be read many times (perhaps hundreds) before core 
Bisread. Generally, only one transfer from A to B, per reading of B, 
is significant (from an information standpoint) since B can hold but 
one bit of information. (In this case, only one of the reads of core A 
may be a ONE; this situation arises as a convenience in logical design 
when there are drivers with different repetition rates.) 

During any zERo transfer, a small current is produced in the loop 
because of the nonsquareness of the core material. The small flux 
change (from zERO remanence toward zero saturation) is in the same 
direction as the larger flux change (from oNE remanence to ZERO 
saturation) caused by reading oNE. Consequently, a low-amplitude, 
short-duration current is produced in the loop, which may write noise 


into core B. If this noise is allowed to accumulate during a sufficient 
number of zero transfers, the core may completely switch. When the 
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noise current is not sufficiently reduced by the natural leakage induct- 
ance of the output winding, a small additional lumped inductance in 
series with the diode may be necessary. The equation for N; of step 
1 (and other equations in the procedure, as appropriate) should then 
include Lmaxlz/®4min- 

Back-Loop Loading. In some systems, core A is read after a 
ONE has been written into the preceding core; an example of this 
technique is the n-core-per-(n — 1)-bit shift register (Section 10.3). 
In this situation, the inverse current in the back loop is limited only 
by the diode and may become appreciable. Therefore, additional 
drive must be provided by increasing the NO winding in step 2 by an 
increment, 

Neal pe 


Te (9.15) 


N O(added) = 


The back-loop current is taken from the minimum diode curve at the 
value Vp2, where 


V pomax = 


Noa ¢ 2B® Bmax 


Mis +2 Vins ~ (9.16) 


T Bimax 


It may sometimes be found that the additional Ny turns are excessive. 
In such a case, a new design is indicated, wherein Noa is reduced (for 
the preceding loop), or 7'prmax is increased (for the AB transfer loop). 

If very many SD loops are to be used in a system, it is frequently 
desirable to find which preceding loop presents the greatest load to 
each of the other loops, in turn. An adjustment is made to each loop 
on this basis. This adjustment is carried through the other design 
#leps, as required by the worst-case design philosophy. The pro- 
sodure results in a slight overdesign in most applications, but gives the 
logical designer greater freedom, and standardizes core winding 
donfigurations. 


9.7. SD Loop Design Example 


A numerical example of an SD loop is given, wherein one A core 
switches two B cores. The design procedure is summarized in Table 
\),1, and the design example is summarized in Table 9.2. The circuit is 
equivalent to that shown in Fig. 9.1, with the exception that a second B 
bore is added to the loop. In general, 2N2@z substitutes for No®z. 
"he low-turn windings N2 are assigned integral values to initiate the 


(lonign, and the round-off operation is performed on the values of wind- 


jnge Ni and NO, The errors due to this operation are therefore rela- 
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Table 9.2. Design Example, Single-Diode Loop 





Step 4 


Step 4 
B Cores Switching B Cores Switching 


Together Separately 


Step 3 
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Step6 Step7 Step8 
T AHmin In T BHmin VonPmax 


Tp 


Step 2 Loaded Unloaded Loaded Unloaded Step 5 
No TS rmax Dax es Tp Tp Tp 


Step 1 
Ni 


Ne 


2.65 3.28 


0.212 
0.144 
0.107 
0.087 
0.073 
0.063 
0.059 
0.051 


5.24 
5.30 
5.54 
5.56 
5.50 
5.45 
5.62 
5.47 


1.09 


0.507 
2.48 
4.19 
5.90 
7.52 
9.21 


10.7 


11.8 


60 13.1 


38 


34 
31 
31 


oO 
wd N 
NN 


2.63 
2.57 
2.52 
2.49 
2.48 


2.65 


0.71 1.04 
1.56 2.14 


3.35 
5.35 
7.34 
9.26 


14.1 11.8 
15.4 12.1 
11.2 


29 
24 


bo 
4 
N 


3.14 
4.10 
5.05 
5.91 


2.42 
3.21 


12.0 


16.5 


31 


© 
a 
a 


18.2 12.3 


21 


32 
33 
35 
36 


mal 
= 
N 


4.03 
4.77 
5.54 


12.6 


19.7 


19 
18 
1 


ioe) 
ee) 
Sal 


13.0 


13.1 


21.6 


ial 
a 
Lan 


2.63 


6.85 


14.9 


13.2 12.3 


23.1 


9 
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tively minor, since the windings affected are large. All partial turns 
of less than 0.3 are ignored and all partial turns of 0.3 or greater are 
rounded to the next highest integer, as indicated by the crescents above 
the N symbols in Table 9.2. Therefore, Ni~N, and Nyb~N 0: 
By proper choice of Remin and Remax, allowance is made for the use of 
either one or two A cores as required for use in logic elements (Section 


10.4). 
T, 
CR2 3 CR1 . 
‘A B 
e 
—- 
N2A (+) NIA I N2B 
e e 
Back . Transfer 
loop NO loop 
tr, 


FIG. 9.1. SD loop. 


Data Specified. The data given for the SD loop design example 
are the following: 


Cores, Burroughs type 231-002 (for tolerances, see Appendix) 
Diode, selected 1N279 (for tolerances, see Appendix) 
pn = 0.1 (when B cores are read together) 
Dn = 0.07 (when B cores are read separately) 
Ior = 0.100 amp (with 7. = 2 us, and 7’) = 20 us) 
Tox = 0.125 amp (with 7, = 1 ys) 
Fop = 0.15 at (design value of switching threshold) 
Remax = 2.5 ohms 
Remin = 1.0 ohm 


Design Steps. For steps 1, 2, and 3 the switching time of the 
Ht cores is chosen, and the procedures outlined in Section 9.5 are fol- 
lowed. The following data are used: 


T at = 6.0 MS 
Fatmax = 0.330 at (from Fig. A.2, where T'4, = T'gr) 
Fgrmax = 0.330 at (from Fig. A.2) 


l'or step 4, with the procedures of Section 9.5, the 7, of the B 
“ores is then computed for combinations where the B cores are both 
toad loaded (switching into another loop) and unloaded (switched by 
another loop or driver), and at both simultaneous and separate times. 
Aw shown in Table 9.2, when the B cores are read together, p, = 0.1; 
wid when the B cores are read separately, p, = 0.07. 
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For step 5, Zz is assumed, and the procedures of Section 9.5 are 
followed. Likewise, for steps 6, 7, and 8, the procedures of Section 
9.5 are followed, as summarized in Table 9.2. 

Evaluation. Concerning the example presented above, the following 
general observations may be made for a family of SD loop designs. 
For all N2 values in this family, the value of Ni remains relatively 
constant but passes through a minimum at about the condition where 
T anmin is slightly greater than T',. (This is the condition for iterative 
loop design, wherein the back loop and the forward loop are identical 






Low flux core 


High flux core 





Voltage 





0 Tp 
T, (low flux core) Tailout 


T, (high flux core) 


FIG. 9.2. Switching voltage waveform, loaded low-flux and high-flux cores. 


to the loop under discussion.) The total number of turns Ny + N, 
+ N2 remains approximately constant, but begins to increase as No 
decreases from the iterative design. Between one design in the family 
and the next, the percentage changes in N2 and No are approximately 
equal but oppositely directed. The duration of T4zmax only becomes 
a serious problem when the B cores are not switched. The 7’, cri- 
terion becomes greatly worse (increases) with increasing N2. Over a 
range of Ne, T'sHmin changes considerably, but T4zmin femains rela- 
tively constant. 

For the SD loop just designed, the Nz = 4 design is chosen if the 


circuit is to be used in an iterative chain or system of identical loops, — 


and if both B cores are read together. The time T'4ymin is the read 
time of the B core in an iterative system; Taymin = 5.54 us is just 
greater than 7’, = 4.19 us. Where the two B cores are to be read 
separately, the N2 = 8 design is permissible, since T4ymin = 5.62 us, 
and T,, = 4.77 us. 

In general, 7’, of the loop under consideration must be slightly less 
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than 7 47min of the forward loop, and for the iterative design, 7’, of the 
loop under consideration must be slightly less than T' 47min of the same 
loop. The slightly qualification is optimum, because with longer 
switching time, less power is required. 


9.8 Detailed Design of the SW Loop 


In general, the steps to be followed in the SW loop design procedure 
follow the procedure used for the SD loop. The SW design steps, 
stated briefly in Table 9.3, involve the same assumptions and limita- 
tions as the SD design steps, except as noted. In the SW procedure, 


Table 9.3. Design Steps, Split-Winding Loop 





Drive 
Step To Determine Symbol Current Equation 

1 Value of output/read winding Ni low 9.16 

2 (Verification of step1) ~~ .«...... low 9.17 

3 Longest switching time for T ALmax low 9.18 
transmitting core 

4 (Notneeded)  — caseeee ia ee ava 

§ Shortest switching time for T AHmin high 9.19 
transmitting core s 

6 (Verification of step 5) iw es ss high 9.20 

7 Shortest switching time for re- T BHmin high (values obtained 
ceiving core from curve) 

8 Maximum peak voltage drop VopHmax high 9.21 





\t is not necessary to compute a family of N2 solutions and arrive at a 
design compromise between most efficient transfer and allowable 
\nverse noise effect, since no appreciable inverse noise is possible. 
Consequently, a preliminary design procedure is followed to choose the 
proper values for Ne, Ri, and Re. 

Since SW loops are more susceptible than SD loops to forward noise 
(Hection 9.9), a noise-suppressing choke is generally designed into all 
NW loops. The circuit for the design is that shown in Fig. 9.3; a 
#hoke (to minimize forward noise) is added in series with CR2. The 
alve of the choke is discussed in Section 9.9. 

Step 4 of the SW loop design procedure is eliminated, since there is 
jo inverse noise. The determination of the shortest switching times 
of the A and B cores in steps 5, 6, and 7 is useful in choosing contigu- 
ous SD loops by matching comparable 7’, values for the SD loops. 
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Associated SD loops are a problem only if the windings of these loops 
have the noise-susceptible dot polarity. 

Preliminary Design. A value for Io is reached on a compromise 
basis. The value is made large so that a greater number of cores 
may be switched for a given driver voltage. The value of J generally 
should not, however, be so large as to result in an N¢ of fewer than six 
or eight turns; such a value of N» would highly quantize Fz, making 
a good design more difficult. With Joz and Ion established (hence, 
Isr, and Ign), Nz can be determined from the knowledge that the loop 
current J in an SW loop is approximately equal to Js (Fig. 8.6). Since 
the low-limit value is used in designing for transfer, the ampere-turns 
applied to core B are approximately Nolst. (The relation Is, ~ It 


I,=Is-I 
pe 


CR1 Ri 





FIG. 9.3. 


SW loop. 


is a rough approximation and is not used beyond the preliminary 
No calculation.) Therefore, NoIsz ~ Noli = Fptmax > Fomax, Where 
Fomax i8 the projected threshold value of mmf taken from Fig. A.2 
(curve 1), The preliminary value of No, then, is the lowest even 
integer that makes N2/Jsz exceed approximately 1.5F 0. 

Tolerances in diode specifications cause uneven splitting of drive 
current Jo in the branches of the transfer loop. This uneven splitting 
produces imbalance noise current Ip (Fig. 9.4). The values of Rl 
and R2 (R; = R:z) used in each branch of the loop are the minimum 
which ensure that J, is less than the d-c switching threshold mmf F'p 
of core B. The maximum permissible imbalance noise current is then 
I, = Fo/N2. 

Imbalance noise is considered worst-case when a 2@RO is being 
transferred in the loop (J = 0), and when drive current Jou has 
reached the maximum or plateau value following the rise time. Com- 
putation of the resistances is carried out at this value. For the lesser 
current, during rise time, a greater percentage of imbalance may be 
tolerated. Nevertheless, since the transient imbalance of the diode 
voltages might still be substantially greater than that tolerable, the 
diode specifications should include a transient test to eliminate poor 
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diodes. Use of the choke (Section 9.9) is concerned with the transient 
imbalance due to winding inductance and does not involve the diodes. 

The value of the resistors is calculated with reference to Fig. 9.4. 
Noise current is in the direction shown, since the upper branch com- 
ponents are taken at maximum impedance and the lower branch 
components at minimum impedance, causing the net upper branch 
current to be the lesser. 

The following inequality is derived from the loop equation: 


Ry = Ro > V pimaxl(rsn—t>) =< Vpaminl rgn4ty) 
21, — Lox 





(9.17) 


where J on = 2Zsx, and where diode drops are taken at the branch 
currents indicated by the subscripts and « is the per unit tolerance of 
the resistor. The steady-state diode curves are to be used. 


CRI Rite _ Js# 
LO 
Ton Dy = 21, 
~< ae. “0H 7); SH. 
CR2 R-® a 
FIG. 9.4. 


Effective circuit for calculation of resistance, SW loop. 


In the worst case, the d-c switching threshold mmf Fp (eq. 9.23) 
is (aken as the design value of switching threshold. The value Fp 
iy be safely replaced by Fo», if the system driver repetition rates 
iliffer by less than about 12 to 1, and if the read current durations 
are not greater than about 20 ws. The value of Fo, ~ 1.4Fp for the 
{ypical molybdenum permalloy core. 

Since the resistance of the N1 winding in the upper branch is 
lippreciable, the choke (if a choke is used) may be wound with the total 
lower branch resistance, thus eliminating one resistor. 

Since the resistance is a strong term in the denominator of the equa- 
lion in step 3, it is sometimes advantageous to use more resistance 
(han the minimum to shorten T azmax- 

Mingle values for Jo, No, and the resistors generally suffice for all SW 
Juopa used in a given system. 


Step 1 (Value of Output/Read Winding). Inspection of the basic 


loop and node equations shows that the N1 winding must provide not 








| 
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only turns for complete transfer, 
NiGa = Node + (VT)i0e8 + (L1)ioss (9.18) 
but also mmf to switch core A, 
Nils = Nil, + Fa (9.19) 


An N, value that satisfies both equations must therefore be found. 
Since each of the equations involves graphic data (the diode charac- 
teristic and the core switching curve), a simultaneous solution is com- 
plicated. Instead, an iterative process, similar to that of Section 9.13, 
is adopted. 

For step 1, 


a N2®zpmax ae ZVimaxT Bimax + Lmax(Ist + Ix) (9.20) 


M 
By min D4 min @, min 


where 2Vimax = Vpsamas|(tex—I2) = V pimial Usz+tr) + R(2It + Lor). 
A guess is made for the value of the upper branch current Is, — Ty; 
this guess is perhaps 10 per cent of Zoz. (Determining the exact 
percentage is a matter of experience.) The critical current Ist — It 
decreases when the loop is more heavily loaded (because of additional 
B cores or heavier loading of B cores) and increases when there is 
additional loading on the A core (Section 9.9). 

A value for the lower branch current is derived from the estimated 
upper branch current, which when applied to eq. 9.20 results in a solu- 
tion for Ni. (The assumed upper branch current is checked in step 2.) 

Finding the proper upper branch current becomes a matter of experi- 
ence. Formally, agreement is checked by inserting the resulting step 
2 value of upper branch current into step 1 and verifying that the step 
2 value gives the same N; as the assumed value. If the agreement is 
not satisfactory, steps 1 and 2 must be repeated, and the resulting 
upper branch current of step 2 used for the second estimate. It is 
usually helpful to assume a current slightly toward the original value 
of step 1, to correct a slight overshoot in the iteration process due to 
the quantization of the windings. 

The upper branch current is a sensitive variable, being the difference 


between approximately equal quantities, and thus serves appropriately — 


as the basis for comparing steps 1 and 2. 
Step 2 (Verification of Step 1). As mentioned above, the equation 
| 


PF abmax 


Isp —Ir= M1 








(9.21) 


PMA Circuit Design 135 


is used in conjunction with the equation for step 1. The relation 
Tar = Tzx is used in conjunction with the core curves to find F 4rmax 
from NoI,. 

Step 3 (Longest Switching Time for Transmitting Core). The 
tailout time is found by application of 


Ni®amax — NoPpmin — Lmin(Isx + 1) 
2Vimin 


T ALmax = (9.22) 


where ZVpmin = Voemin\¢sz—tz) — Voimaxl(sz4tx) + R(2Iz — lox). 
The same loop current is used here as was found applicable in steps 1 
and 2, following the SD design procedure. A value for T°4rmax May 
be found in similar fashion by dropping the N2 term. 

Step 5 (Shortest Switching Time for Transmitting Core). The 
equation wae 


Ni®amin — No®pmax — max 
Phicsgile OS 2 re Lmax(Isu + In) (9.23) 
Hmax 


where ZV ymax = Vp2max| sutra) — Voiminlse—tm + R(2lu + €Zon), 
is used to obtain the shortest switching time of core A; the evaluation 
is therefore carried out at the high limit of read current. As in steps 
| and 2, an iterative method of solution is indicated, where an assump- 
tion for Isx — In is made to find T4 ymin, and the assumed value sub- 
sequently checked in step 6. The calculated Zsy — In may be used 
i the assumed value for a second solution if the first solution is not 
watisfactory. Frequently, the first estimate of Isy — Iy is sufficient, 
since small changes in this assumed value have a very small effect on 
Awitching time, especially in the region of the shorter switching times. 
Step 6 (Verification of Step 5). The equation 


F aumin 
I -— ly = —— 
SH H Ni (9.24) 


ia derived from the node equation, and serves.as a check of step 5. 
Step 7 (Shortest Switching Time for Receiving Core). Transfer 
#urrent and N» (obtained in the above steps) apply an mmf to core B 
fowulting in 7'pymin, Which may be found from Fig. A.2 at Famax = 
Noln. The values thus calculated for the shortest switching times 
generally hold for all SW loops of the same system, since small changes 
i) parameters have negligible effects because of the steepness of the 


fore characteristics in this region. Thus, the number of SD loops 
ted to match the SW loops is kept to a minimum. 
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Step 8 (Maximum Peak Voltage Drop). The maximum peak volt- 
age drop to the driver may be calculated from 


1.65N o® 
pein EE + V pomax 
2T BHmin (TsH+I #) 


+ RQ + 6) sx + In) + 


Vonpmax = 


Linax(I sx + Tn) 


9.25 
T BHmin ( 


which is written for the lower branch path. 


9.9 SW Loop Design Modifications 


As is the case for SD loops, design adjustments for special conditions 
are occasionally required for SW loops. No adjustment is needed to 
provide a forward noise-limiting choke, since such a choke is included 
in the original design. Consequently, an adjustment procedure is not 
needed, but rather the method of determining the value of inductance 
is needed. Adjustments for back-loop loading are also discussed. 

Choke Inductance. Relative to the drive current, the N1 winding 
inductance is in the upper branch of the loop and the balancing or com- 
pensating inductance is in the lower branch. The effect of the induct- 
ance is of prime importance during the rise and fall times of the current 
effecting zEROo transfer (Section 9.6). When the two inductances are 
equal, the branch currents remain balanced, and no forward noise 
results, regardless of the number of drive pulses that may occur before 
core B is cleared. 

The inductance of N1 is an SW loop, and consequently the size of 
the recommended balancing inductance, is approximated as 


nl = S)N17@4 


— iy + 2Ni/NoFop ome 


where n is the number of A cores, S is the squareness ratio of core A, 
and Fg is usually stated as 5F'o, as in Fig. 9.5. 

The hysteresis loop postulated for the development of eq. 9.26 is 
shown in Fig. 9.5, but the equation is not derived. The principal 
assumption in the derivation of the equation is that the inductance 
(zero — 2), where 2 is a conveniently assumed break in the curve, is 
constant and that the inductance (2 — 3) is zero. Another term, not 
shown, has been developed which is small and subtracts from the term 
shown, to allow for a finite rise in current. 

The use of eq. 9.26 might appear to be difficult, since the inductance 
is a function of Ni, which in turn is unknown until L is found (step 1), 
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However, since the inductance of N1, which is to be balanced by L, 
is nonlinear, any choice of a value of inductance for the choke is 
approximate. Therefore, it is generally sufficient to estimate Nj: in 
computing L. The value of N1 may be conveniently estimated, since 
the equation used in step 1 is written in terms of turns. 

In practice, SW loops using chokes computed by this equation and 
containing aS many as three receiving cores have been designed, with 














3 2 
a-9, | 
(+8)°S 





"0, 9.5. Assumed transmitting core hysteresis loops for calculation of choke, 
MW loop. 


good results. When more perfect balance is required, an extra core 
(wound with N, turns) may be inserted in place of the linear choke. 

Back-Loop Loading. As in the design of SD loops, back-loop 
loading of core A caused by SD input loops is neglected in step 2. 
If an adjustment is required (for reasons discussed in Section 9.6), 
i similar procedure may be adopted as follows. The back-loop diode 
ilrop, expressed as a counterpart of eq. 9.16, is 


Noa (Yotaes + Lmax(I st + Tr) 
Nia 





V _ 
D2max ~~ 


T + ZV ans) (9.27) 
BLmax 
Where the value assigned to 2Vzmax is the value obtained in step 1. 
Nquation 9.27 is used to find NeTpemax, Which is then added to the 
#qjuntion used in step 2. 

In the case of a back-loaded SD loop, the process of increasing No to 
w“ipply the back load is straightforward; the compensation of an SW 
loop is complicated because N1 is in both the read winding and the 


Milput winding, and the iterative procedure must again be followed. 
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Briefly, for a back-loaded design, steps 1 and 2 are expanded into a 
five-step iteration. (Normally, for the initial iteration, the first two © 
steps have already been calculated.) The five steps in the iteration 
are: 


. The assumption of a value for Is, — Ix. 

. The use of the step 1 equation to obtain a value for Ni. 

. The use of eq. 9.15 to obtain Vpe. 

. The use of the diode curves (Fig. A.9) to obtain Neal p2max- 

. The application of the expanded step 2 equation to check /sz 


Le 


_ 
nw OO wh 


The iterative procedure is repeated by using the final value of Is, — In 
to start the next iteration. Although the iteration is on Is, — Ix, the 
procedure may be terminated when two successively computed, 
rounded-off values of N; are equal. 

The remaining SW design procedure must of course be modified since 
N, has now been increased. 


9.10 SW Loop Design Example 


A numerical example of an SW loop is given, wherein one A core 
switches one B core. The design procedure is summarized in Table 
9.3, and the circuit is that shown in Fig. 9.3. ; 

Data Specified. The data given for the SW loop design are the 
following: | 


Cores, Burroughs type 231-002 (for tolerances, see Appendix) 
Diodes, selected 1N279 (for tolerances, see Appendix) 
Tor = 0.100 amp (with 7, = 2 us, and 7’) = 20 us) 
Ton = 0.125 amp (with T, = 1 us) 
L = 12 wh (+15 per cent) 


Design Steps. Since the read current is given, the choice of Ng 
turns is best determined by the method discussed in the detailed design 
procedure. Eight turns are chosen for this example, and a tolerance 
of 5 per cent is assigned to the resistors. Equation 9.17 is then used to 
calculate a minimum value for the balancing resistors. Ten-ohm 
resistors are assumed in this example for simplicity, although calcula- 
tion indicates that smaller resistors can be used. The choke induct- 
ance of 12 ph is determined by the method discussed in Section 9.9, 

For step 1, since J, is given as 0.100 amp, then Js, is 0.050 am 
If Is, — Iz is assumed to be 0.0082 amp, then Is, + I, is 0.091 
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amp and J, is 0.0418 amp. Substituting these values in eq. 9.20, 
N, = 40.21, and N, is 40 turns. 

In step 2, a value of 0.334 at for 5.7 us is obtained for F4zmax, and 
since Is, — I, = Fi, a," Is, — I, is 0.00835 amp, which is suf- 
ficiently close to the assumption of step 1. 

In step 3, substituting values obtained above in eq. 9.22 produces a 
value for T'4zmax Of 13.6 ws, which is less than 7'9(20 us). 

In step 5, if Jsx — In is assumed to be 0.0084 amp, then I'sz + Iz 
is 0.1166 amp, and Jy is 0.0541 amp. Substituting values obtained 
above in eq. 9.23 produces a value for T 4 ymin Of 4.38 us. The value of 
I’ ;Hmin is found to be 0.321 at, for use in step 6. 

Step 5 is checked by the equation of step 6, resulting in a value for 
I sn + In of 0.00804 amp, which is sufficiently close to the assumption 
of step 5. 

In step 7, a value for Tpymin Of 2.52 us is obtained from Fig. A.2 at 
Noln = 0.488. 

The solution of eq. 9.25 in step 8 results in a Voxp of 3.56 volts. 


9.11 Detailed Design of the High-Speed SW Loop 


The detailed design procedure for the high-speed SW loop can be 
olfectively presented as a set of amendments to the design procedure 


Table 9.4. Design Steps, High-Speed Split-Winding Loop 


Mtep To Determine Symbol seen) Equation 

1 Value of output winding Ni low 9.16 

% Value of read winding No low 9.24 

i) Longest switching time for T Atmax low (values obtained 
transmitting core from curve) 

m( Not needed)i/ bib cbse sede es ote ain 

4 Shortest switching time for T Aumin high 9.19 
transmitting core 

(} (Verification of step 5) —....... high 9.25 


’ Shortest switching time forre- TsHmin high (values obtained 
delving core from curve) 
4} Maximum peak voltage drop VouPmax high 9.26 


¥ the basic SW loop (Section 9.8). Table 9.4 and Fig. 9.6 are used. 
© receiving cores are shown to illustrate the way in which the wind- 
are connected. Special modifications, such as back-loop loading 
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compensation, are like those for the SW loop, and are not repeated. 
A design example for the high-speed SW loop follows quite closely the 
SW loop example (Section 9.10), and so is not presented. 

Preliminary Design. The preliminary design procedure is the same 
as that used for the SW loop. Frequently, where both types of loops 
are used in a single system, the same Io, Ne, and R are used throughout. 

Step 1 (Value of Output Winding). The design procedures for both 
the SD and the SW loop specify that T'armin be equal to T Bisex for 
steps 1 and 2. Only under this condition is it true that the total &, is 
utilized to effect complete transfer of information. 


I, =I,-1 


CR1 


Rl 





FIG. 9.6. High-speed SW loop. 


The particular usefulness of the high-speed SW loop relates to the 
upper limit of loop current J, = To1/2, in that the upper diode is cut 
off and the tailout is eliminated. At this limit, the mmf N2J;, switch- 
ing core B is equal to Io multiplied by N2/2 (the lower branch), 
Similarly, the mmf switching core A is equal to Nolot. Consequently, 
at the upper limit of loop current (Section 8.2), both cores switch 

ded. 

a ensure transfer, the fundamental requirement of 1'4 > Tn 
demands that Nolo, < N2/2Ioz. (The equality is excluded since 
opposite core limits are applied to the two cores.) Then, because of 
the highly quantized nature of NoJo and (N2/2) I o, Where each N is 
small and Jo is a constant, Taz = Tax is not possible except by mere 
coincidence. Normally, at the upper limit of loop current in the high- 
speed SW loop, T'41 > Taz and the A-core flux effecting the informa 
tion transfer is pba, where p < 1 (Section 9.13) . ae 

A design can be based upon the decimal fraction p (as indicated 
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less switching flux available for transfer. Hence the cutoff method in 
high-speed SW loops is normally avoided. Instead of requiring 
Is, — Iz = 0 and using p in the design, only a very small current in 
the upper branch is needed to force Taz = T'pz, (usually less than 
1 ma), and when tolerance limits are reversed for the tailout calcula- 
tion, the upper diode is generally cut off as desired. 

The A and B switching time ranges just discussed are summarized 
graphically in Fig. 9.7. If no upper branch current is permitted to 


Applied Mmf 








Typ = Ta1 Ta rmax 
Step 1 Step 3 
Switching Time 


"1G. 9.7. Transmitting and receiving core switching time ranges, high-speed SW 
loop. 


Symbols: A: transmitting core; B: receiving core. 
Subscripts: 1 = Step 1 (and 2); 3 = Step 3. 

Aj, By: Zero upper branch current. 

Aj’, By’: Some very small upper branch current (~ 1 ma). 


flow, the two cores are, in general, at operating points A; and B, in 
slop land at points A; and Bs; in step 38. Points A; and B, are gen- 
orally separated by one turn of the related windings; then, because of 
(\wntization, the separation 74, > T's, between A; and B,; may be 
substantial, as shown. 

If slight upper branch current is allowed, the operating points of 
sores A and B range from A,’ and B;’to Agand Bs. The latter are the 
fume points as before, since in step 3 there is zero upper branch current. 
Usually, the relation T'4zmin = T'sumax Can be achieved in this pro- 
todure by making No one turn less than N2/2. If Jo is rather small, 


however, the quantization of No may have such small steps that more 
than o one-turn difference must be employed to make the step 1 
#Witching times equal, rather than overlapping. 







Section 9.13 for reference purposes). If the p approach is used for 
high-speed SW loop, N; becomes quite large as a consequence of hay 
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Equation 9.20 is used in step 1, and the same iterative method of 
solution employed for the SW loop is used. The upper branch current 
that is first chosen is generally less than 1 ma._ When two receiving 
cores are required to be switched, the coefficient of N2®gmax becomes 2. 

Step 2 (Verification of Step 1). The design equation used for 
step 2 must include the No term, so that 


F armex — Nolor 


7 (9.28) 


I fs Ta I 5 = 

The step 2 equation is used in the iterative solution with eq. 9.20. 

Step 3 (Longest Switching Time for Transmitting Core). The 
longest switching time of core A is found directly from Fig. A.2 at 
Fazmin = Nolox, since it is assumed that no current is flowing in the 
upper branch. Ignoring a small current in the upper branch means 
only that T’armax is overstated by a few hundredths of microseconds. 

Point A; in Fig. 9.7 is especially significant, since this type of loop 
is employed in high-speed applications. If T armax is greater than the” 
allowable 7'o, both No and Nz must be increased. 

Step 5 (Shortest Switching Time for Transmitting Core). Equa- 
tion 9.23 is used in an iterative solution. 

Step 6 (Verification of Step 5). The assumption made in the solu- 
tion of step 5 is checked by the equation 


F anmin — Nolox 


Isa — In = M, 


(9.29 
Step 7 (Shortest Switching Time for Receiving Core). The shorte 
switching time of core A is found directly from Fig. A.2 at Fanmin 
1/2Nel on. 
Step 8 (Maximum Peak Voltage Drop). 
age drop to the driver is 


The maximum peak vol 


1.65.N oP amax 1.65. oP pmax 





Voupmax = + Voomax|(rsa+t) 


D attic 2T BHmin 


| Lnax(lsu + In) ¢g o¢ 
| RO + (Isa + Ta) + ECE 


T BHmin 


9.12 Parallel SW ANp Circuit 


The parallel anv circuit of Fig. 9.8 is sometimes used when the 
function is to be performed in two clock pulse intervals, as opposed 
the AND configuration shown in Fig. 10.11. The latter AND confi 





























aigne are employed in the equations for J,. 
ii parallel in the upper branch, Ng is generally made one turn greater 


than N4. 
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tion requires three clock pulses, but has the advantage of using the 
basic transfer loops. In operation, core B receives a ONE only when 
both cores Ai and Ag are reading onEs (being switched to zERO) 

If one of the A cores does not switch to the zERO state at read time this 
core presents a low impedance to the upper branch current thevels 

effectively maintaining balanced current through the windings of 
core B. The NO windings are needed to ensure that the A cores will 





FIG. 9.8. Parallel SW anp circuit. 


wwiteh under the high-speed SW loop conditions, and therefore avoid 
excessively long switching times for the A cores. 
Current balance may be obtained from 


Ry + €)(Isx = Iy1) = R21 aT e)(Isx + Ip1) 
= Voominlsu+tp:) — Voimaxl(rsu—tpx) (9.31) 
Where Ip1 < [Fp + Isu(N4 — Neo)]/(Na + Neo), and 


Ry — 6) (I sx + Ip2) = R21 + e)(I sx FT Iy2) 
- V pomax (IsH—Ip2) — 1/2V pimin| (Is H+ p2) (9.32) 


Where po < [Fo + Isu(Ne — Na)]/(Na + Ne). Equation 9.31 is 
the worst-case steady-state condition for excess current in the lower 
branch during transfer, at the high limit of drive current, when only 
one A core is reading a onr. Similarly, eq. 9.32 is he worst-case 
sleady-state condition for excess current in the upper branch, at the 
high limit of drive current, when neither A core is reading a ONE Th 
tholce of Fp is discussed in Section 9.8. : 
The resistors thus found are the minimum pair, when the equality 


Because of the two diodes 
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The step 1 equation (9.20) may be used to find Ny, where N2 is 
replaced by (N4 + Ne) and 


DV imax na V pineal (Usi—I 1) 2V pimin| (sH+I 1) /2 
+ Ro(1 + —)(Isz + It) — Rill — e)(Isz + Ix) 


The choke may be used if necessary. The step 2 equation becomes 


2F atmax 
Isp - = ™ 9.33 
su — Ip MV, (9.33) 
In general, the effective mmf applied to core B is 
Fz = (N4 + Ne)Iz — (Na — No) I sx (9.34) 


The remaining design steps are the same as those of the high-speed 
SW loop design, with modifications as indicated above. 


9.13 Special Analyses 


The iterative method of solving dependent equations is presented. 
When the design of particular PMA circuits requires greater accuracy 
than that provided by the three detailed design procedures presented 
above, a special p analysis is often employed in place of the convenient 
approximations. 

Solution by Iteration. Frequently an analysis of a circuit is best 
handled by the use of an iterative, or repeating, process involving two 
or more equations. For example, the switching time of the loaded 
core (core A), in an SD loop, can be determined for a given read cur- 
rent by iteration. Two equations (plus the core and diode curves) 
are required. One of these equations is derived from the basic loop 
equation and the other from the basic node equation as follows: 


_ Nits — Noobs 
& =V 


Nolo = Nil + Fa 


The parameter tolerance limits are neglected here. To solve for 
switching time, it is first convenient to estimate a value for loop curs 
rent J; an approximate 74 can then be determined from eq. 9.35, 
with the aid of the diode curve. With this approximate 7’, and the 
core curve, a value for J can be determined from eq. 9.36; if the original 
estimate was correct, the value of J determined will be nearly equal 
the assumed J. If the values are not nearly equal, a second series 
calculations, involving the same procedure, is performed using the fi 


Ts (9.35) 


(9.36) 
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computed J. If a sufficiently close result is not reached, the second 
computed J is used for a third series of calculations, and so forth. This 
technique is very useful in PMA design and is frequently used. 

Solution by Fractional Flux Switching (p Analysis). In the design 
of PMA transfer loops, it is generally not considered important that 
the instantaneous loop current rise in the interval Tg <t < T4 
(Section 9.5, step 3). This is a second-order effect, particularly when 
smoothed by the diode nonlinearity. However, it is conceivable 
that in certain special applications (such as driving coincident-current 
memories), where the magnitude of the current must be known accu- 
rately, a more careful investigation may be necessary. In such cases, 
T'stmax is found by a p analysis, resulting in a slightly shorter maxi- 
mum time (especially in SW loops), which might be helpful when 
(iming is critical. 

If it is assumed that flux changes linearly with time in a loaded 
core, the following equations can be used to describe the operation of 
the SD loop in the interval 0 <t< 7's. The equations reflect the 
relation T'4 > T'g, required except when carrying out the equations of 
steps 1 and 2 for forward transfer, and are applicable to all design 
sleps where 74 > T'z. 


Gs 
| 
et Nis Tan (9.37) 
» = $4 _ Nets + THEY 
a ae ee (9.38) 
Gsa 
Fee ee 
to afar (a) 
Nolo = Fa + Nil (9.40) 


Ii is convenient to solve these equations by approximating a value for 
/, computing 7's, p, and F'4, and computing (by eq. 9.40) a new value 
for / which may then be used in a second cycle of a rapidly converging 
\lerative process. 

After core B has completed switching, 73 < t < 74, and the follow- 
ji rolationships hold, where 7’ is a slightly larger loop current: 


(Ta — Ta)2V 
1 _ SS 
P ee, (9.41) 
(1.— p)@s 
FPS Om 
ae ag, + Fo (9.42) 
Nolo = Fa’ + Nil’ (9.43) 
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The solution of this second group of equations may again be found by 
an iterative process. Since parameter tolerance limits depend upon 
the particular circumstances of the investigation, no such limits are 
included here. 
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Parallel magnetic pulse amplifier (PMA) circuits are well suited to 
(ligital logic and control operations. Basic PMA transfer loops (Chap- 
(ors 8 and 9) can be effectively combined into basic logic and shifting 
éloments, derived elements, and complete logic subsystems and sys- 
toms. Thorough design analyses of basic PMA circuits (Chapter 9) 
and input-output circuits (Chapter 11) are the basis of a well-defined 
wot of PMA logic elements and subsystems. Similarly, analyses of 
the electric circuits corresponding to the basic logic elements are 
important; thus, brief descriptions of these circuits are included in this 
thapter. 

‘The fundamental terminology and symbology defined and explained 
\i Chapter 7 is important to a precise understanding of this chapter. 
A basic knowledge of logical design is helpful. 


10,1 Basic Features of PMA Logical Design 


he single-diode (SD) and the split-winding (SW) loops comprise 
the major portion of all PMA systems. The PMA functional ele- 
iients described in this chapter are modifications or combinations of 
the two basic loops. 
* Now with Villanova University. 
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A system of symbols is introduced to represent functionally the 
operational features of the elemental circuits. Systems built from 
PMA elements are described by combinations of these symbols. The 
control and timing of the data processing in these systems are governed 
by timing generators. Thus, the designer of PMA systems must be 
concerned with both the interconnecting of basic PMA elements and 
with the time sequencing of the flow of data. 

Basic Circuits. The basic PMA circuit elements, the SD and SW 
loops, comprise the main body of all PMA systems. Generally, the 
SD loop is used to perform unconditional transfer, and the SW loop 
to perform conditional transfer. A major exception to the general 
use of these two loops is the use of high-speed SW loops to satisfy a 
requirement for fast operation. 

Because of differing load requirements and various circuit restric- 
tions (particularly the inverse noise problem), several different designs 
of the basic circuits are generally required. A single transfer loop 
capable of proper performance under many different loads is less 
efficient than several different loops designed to perform under the 
same set of loads. On the other hand, extensive use of special loop 
designs can make fabrication more costly. For example, an SD loop 
designed for high noise immunity is less efficient than SD loops used 
for more general purposes; the special-purpose loop, in such cases, is 
employed only when necessary. In effect, a compromise is made 
between minimizing the number of different loops used and the total 
power required. The basic circuits are used both for shifting ele- 
ments (Sections 10.2 and 10.3) and for logic elements (Sections 10.4 
and 10.5). 

Input and Output Elements. A variety of input and output elements 
may be used in a PMA system, depending upon the requirements of 
peripheral equipment. These input and output elements are special 
PMA loops. Input signals to PMA systems must often be reshaped by 
special PMA input circuits. Such signals may be bivalued levels of 
current (for example, from a teletype transmitter) with long durations — 
compared to the switching times of the PMA cores. Output elements 
are typically those required to actuate a relay, or to control a transistor 
current driver. Several commonly used PMA input and output cir- 
cuits are presented in Chapter 11. 

Inputs to PMA elements may also be generated internally. In 
some cases, PMA elements are cleared or primed to perform a particu- 
lar function in combination with other elements. In other applica 
tions, an intermediate output is used to trigger a buffer driver for the 
control of relatively large groups of data being processed internally, 
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Logic Symbols. The symbols commonly used in PMA logical 
design are listed in Table 10.1. The actions represented by many of 
the symbols are more truly functional than specifically logical; for 
convenience, the term logic symbol is used in all cases. 

The core and line symbols introduced and explained at the top of 
the table are combined to form the two types of data transfer. Hach 
clock pulse (prime, clear, or read) occurs at one specific time in each 
timing cycle. Clear and read pulses are applied in the same direction 
(typically the zero direction) ; prime pulses are applied in the opposite 
direction (typically the one direction). Each clock pulse is repre- 
sented by the letter ¢, with a numerical subscript indicating the time of 
occurrence of the pulse in the clock cycle, as for example, ¢1, te, or ts, 
where ¢; through t3 is one timing cycle. 

Information is written into a core by an insert pulse, called insert 
ONE (typically an active write), or insert ZERO (typically a passive write). 
In certain cases, a ZERO may be produced by an active insert, while the 
data state of the core (either ONE or ZERO) is permitted to remain by a 
passive insert at the same input. Other combinations of active and 
passive inserts are used in special applications. The source of an 
insert pulse may be another core or a buffer driver. An insert pulse 
received from another core is represented by a lower-case letter (not t), 
with a numeral subscript indicating the time of occurrence of the pulse 
(or lack of pulse) in the clock cycle, as for example, a1, 63, or da. An 
insert pulse received from a buffer driver is represented by a capital 
DP and a numeral subscript, as for example, D3. Overriding or 
inhibiting pulses are also used. 

Read is accomplished by means of drivers. The read action is 
onerally considered to be destructive; the bit of data stored is cleared 
from a core by read, leaving the core in the clear state, available to 
receive and store a new bit of data. In PMA logical design, the clear 
tute is typically the zero state. If a one is stored prior to read, 
read ONE occurs, producing a significant physical output; when a 
yuo is stored prior to read, read ZERO occurs, ideally producing no 
physical output. In either case, data is said to be transferred. Drive 
wurrent applied to the read winding of a cleared core produces no data 
(vanafer; the succeeding core is unaffected. 

In both the unconditional and conditional transfer examples shown in 


Table 10.1, information is inserted in 7'1 at t; by a1. In the uncon- 
ditional transfer, information may be considered to be transferred to 


72 at either ty or at ts, depending upon the application. In this man- 


her, the information represented by the energizing or not energizing of 
the buffer driver is processed along with input a1. 


This example is 


) 
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Table 10.1. Basic PMA Logic Symbols 
Name Symbol Denotation 





Basic circuit A wound core of square-loop 


or stage magnetic material is assumed, 
and is uniquely designated as 
indicated. 

Pulse line Signal flow (not necessarily 


current) follows the arrow. 


A symbol is used to uniquely 
designate a particular SD (8S) 
or SW (B) loop. 


Transfer loop 83 


D-c line Input d-c level (or pulse of long 
duration relative to control 
pulses) is applied as indicated. 

Pulse override Input signal predominates over 


simultaneously applied pulses 
or levels. 


D-c override 


T1 

—— 

—-_———> 

SS 
Input d-c level predominates 
a PP over simultaneously applied 

pulses or levels. 

oR connection Pulses in the two left lines are 
mixed to produce pulses in @ 
El eee single line. Series connection 
in a single transfer loop i 
implied. 
INHIBIT | 
T1 


Pulse in lower line inhibits 
pulse in upper line. 


Pulse in left line is tra 
ferred to separate destinatio 
Series connection in a singl 
transfer loop is implied. 


Branching 


Clock pulse A prime, clear, or read pu 
ensures the storage specific 
of a ONE (or a ZERO, as othe 
wise indicated) at every t 
leaving the core in either 


prime or the clear state. 


ts 
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Table 10.1 (continued) 
Name Symbol Denotation 
Insert ‘ ; An insert pulse at ts, unless 
a overridden, ensures the storage 
Tl of a ONE (representing a3 input 


information) in core 71, or the 
a37 absence of an insert pulse at t3 
Meira} implies a ZERO ag insert (or vice 


versa, as otherwise indicated), 
and either insert is possible at 
any t3. 


Data transfer from 71 to T2 is 
caused by read at ¢3, or by De 
-at to. 


Unconditional 
transfer 





Data transfer from 71 to T2 is 
caused by read at ¢3 only; read 
by Dz is prevented at fo. 


Conditional 
transfer 





Drivers and A buffer driver (or other non- 
other non- magnetic circuit, as otherwise 


Magnetic indicated) is energized: at £3, 
olrouits and is designated by appro- 
-, priate letter symbols. (Clock 


drivers are generally not shown 
on. logic diagrams.) 


Diode or 


The.symbol indicates a diode 
slement SKS 


oR. circuit, 











\i 
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presented to show the unconditional transfer mechanism, and is other- 
wise rather trivial. More elegant uses of the buffer driver are given 
in subsequent sections. 

For the conditional transfer, information is only transferred to T2 
at t3, and not at ta. If D2 occurs before ts, T1 is placed in the zERO 
state, but no transfer results until ¢3. Whether the zERo state is con- 
sidered to represent zERO information or the clear state is dependent 
upon the application. Generally, an SW loop is used. 

The eyebrow symbol shown in the conditional transfer illustration of 
Table 10.1 indicates that data transfer can only be initiated by the 
t3 clock pulse. Frequently, the SW loop is also used in cases where 
conditional transfer is not necessary; in such cases, the eyebrow is 
sometimes used to indicate an SW loop, but is not necessary and is not 
so used in this chapter. 

Nonmagnetic circuits, such as buffer drivers, amplifiers, and special 
input-output circuits, are represented by a triangular symbol, as shown 
for the buffer driver. Diode or elements are indicated by the semi- 
circular symbol shown. (Clock drivers are generally not shown, but 
are represented by clock pulses.) 

Timing of Operations. A pulse power clock source is required in 
PMA systems. Outputs can occur only when cores are read. Conse- 
quently, data can only be transferred when the circuits involved (in 
this case, core A, the coupling network, and core B) are specifically 
directed to effect such a transfer. At least two phases of pulse power 
are needed for PMA systems, since there is no means for storing infor- 
mation between the two cores involved in a transfer. The receiving 
core must be in a clear state, and consequently must have been read 
or cleared during the preceding phase of the timing cycle. Informa- 
tion is stored in alternate cores, thereby giving rise to the “two-core- 
per-bit” designation sometimes used to characterize PMA circuits. 
However, as is shown in Section 10.3, frequently less than two cores 
per bit of information are used. At least three phases of pulse power 
are convenient for operation of logic elements (Section 10.4), and fre- 
quently as many as six phases are used in PMA systems. 

An additional set of periodic pulse power sources is sometimes used, 
such that each member of the set is in phase with a clock time of the 
basic clock cycle. Several or many basic clock times occur before 
the next member of the additional set occurs. Each member of this 
additional set therefore occurs at a submultiple of the basic clock rate, 
Such a set of counted-down clock pulses is particularly useful in sys- 
tems where the processing of specific groups of data forms a repetitive 
subroutine in the larger sequence of operation. 

All of the drivers that comprise the periodic pulse power sources, 
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including counted-down clock pulses, are called clock drivers. Pulses 
provided by such drivers all represent fixed data; read, clear, and prime 
pulses are provided by clock drivers. Buffer drivers are often necessary 
for logical gain, since the outputs of PMA circuits are insufficient to 
control large numbers of other PMAs. ‘These drivers are triggered by 
an intermediate result in the processing of data. This triggering may 
or may not occur, depending upon the logic, but occurs only at one of 
the clock phases, since the system is energized only when the basic 
clock pulses instigate an activity. A slight propagation delay may 
result, however, when several drivers are triggered in series. Buffer 
drivers may either read or write, depending upon the application, but, 
in any case, they transfer information. 

Logical Design Procedure. The logical design of a complete PMA 
system should be preceded by a study of the uses and applications of 
the basic PMA elements, derived elements, and subsystems (Sections 
10.2 through 10.7). When this fundamental material has become 
familiar, a preliminary logic diagram for the system is prepared. 
Generally, this diagram is a mechanization of the individual blocks of a 
block diagram, which is either developed as the first stage of system 
design or is supplied as part of the system specifications. Concur- 
rently, some preliminary circuit designs are prepared. Preparation 
of these preliminary designs affords both the logical and circuit design- 
ors a knowledge of the usefulness and limitations of PM As from several 
points of interest. 

The final logical design of a system is generally influenced by one or 
more of the following considerations: (1) standardization of circuits, to 
reduce production costs; (2) simplification of logical design, to mini- 
mize component count and system complexity; and (3) minimization 
of power consumption, for economy of operation. Logic rules (such 
is those employed in Section 10.8) are based upon such considerations 
is these, and are formulated by compromise between logical and circuit 
dlosigners. 

It is to the advantage of the logical designer to be able to complete a 
design with a minimum of circuit restrictions. This approach, how- 
ever, requires custom designing of many once-used transfer loops. 
On the other hand, the use of only the most versatile transfer loops 
frequently requires that many additional elements be employed. 
‘hus, a compromise of a reasonably small number of transfer loop 
(lesigns is chosen for standardization. Standardization of PMA cir- 
(uits tends to increase the number of basic elements used in a design, 
and also tends to eliminate the use of the most efficient circuits, but 


’ minimizes production and maintenance costs. 


After standardized PMA circuits and a set of logic rules for their 


i 
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Thus, after one timing cycle (assuming a zERO input), the information 
content of the register is 001. Since no conditional transfers are 
required, SD loops are normally used. As described in Chapter 9, 
the applicable SD loop design is the iterative design. 


use have been established, the preliminary logic diagram is revised. 
The PMA circuits used are generally: given distinct graphic symbols 
(which may also include letter symbols for minor circuit variations). 
The resulting logic diagram is useful. in both the fabrication and 
maintenance of the equipment. A block diagram and a table associat- 
ing basic elements with corresponding electric circuits are also necessary. 

The ultimate in standardization has been reached for some special- 
ized applications where an entire system is fabricated using only one 
SD loop type. Conditional transfers are accomplished by an over- 
riding technique, as shown in Fig. 10.1. Data is transferred from 
T1 to T2 at ts, but not at to; at to, 
a buffer driver switches 71 to 
ZERO, since 7'2 is held in the zERO 
(clear) state by Do. 


T4 T5 T6 


: ie POP OS (9 Ried 


FIG. 10.2. Serial-serial MSR. 


Ping-Pong Storage Cell. When driven by clock drivers, PMA 
elements provide delay storage only. A method of providing static 
storage without the use of buffer drivers is therefore desirable. The 
ping-pong element (Fig. 10.3a), using logic elements (Section 10.4) 
for gating or controlling the inputs and outputs, provides this facility. 


10.2 Basic Shifting Elements 





Basic shifting elements are series 
FIG.10.1. Conditional transfer using SD configurations of basic PMAs; 
loop. serially connected PMAs produce, 

for example, a magnetic-core shift 
register (MSR). Shift registers of this type are frequently used for — 
both delay and static storage of bits or words of information. Statice 
storage (Chapter 7) results when drive pulses are obtained from buffer 
drivers. Other MSR types are discussed in Section 10.3. Of special 
interest: is the recirculating or end-around MSR of one-bit capacity. 
This device is analogous to the flip-flops used in level systems (Chapter 
7) and is called a ping-pong. 

Serial-Serial Shift Registers. A three-bit serial-serial MSR is 
shown in Fig. 10.2. Information is inserted bit by bit into 71 and 
appears at 7'6 as an output, again bit by bit; this type of MSR is thus — 
a serial-input, serial-output device. This type of MSR is necessarily 
a two-core-per-bit register, since the cores are the only storage ele- 
ments used; for each core transmitting information (such as T3 in the 
figure), a cleared core must be available to receive information (in 
this case, 74). It is convenient to consider all cores to be divided 
into two groups, an odd-numbered group read at ¢;, and an even- 
numbered group read at t2. It can be assumed, for example, that the 
information 010 is stored in cores T'1, 73, and 75, and that cores 72, 
T4, and T6 are clear. At ti, the information in the odd-numbered 
cores is transferred to the even-numbered cores, thus clearing the odd« 
numbered cores. A similar set of read pulses is then applied at ty. 


Set 
a 





ty Output ty 
(a) 


Output 





(b) 


"16, 10.3, Ping-pongs for (a) control applications, and (b) use as an output device. 


Tho ping-pong may be considered a one-stage end-around MSR. 
Aanhown in Fig. 10.3a, the ping-pong is set by inserting a oNE in T1 at 
4, An output from the ping-pong is produced at tz, as the ONE is 
tyanaferred from 71 to 72. The information is returned to T1 at t4. 
A wonditional transfer is used to allow an insert to reset the ping-pong 
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at t3. Ping-pongs are used to store control commands or intermediate 
results of a data process for subsequent decision making. 

Ping-pongs are also used in PMA output elements (Section 10.1) by 
combining (oring, Section 10.4) the outputs from both cores. These 
outputs may then be rectified for use as a final output level, as required 
for some systems. Such a configuration is shown in Fig. 10.36. The 
ping-pong in this arrangement is set by a1, and pulse outputs occur at 
both t, and ty. As shown, the reset insert must override the effect of 
the T1-T2 transfer by producing an equal or larger mmf than the trans- 
fer input to 72, and must have an equal or greater duration. 


10.3 Derived Shifting Elements 


The basic shifting elements (particularly the serial-serial MSR) 
may be adapted, by varying the method of inserting and extracting 
information, to derive other useful shifting elements. Various com- 
binations of serial and parallel inputs and outputs may be used to form 
derived shifting elements. Although the use of PMA elements has been 
explained on the bais of two-core-per-bit storage, it is possible (by 
multiphase driving) to reduce the number of cores necessary to process 
one bit of information by increasing the number of clock phases. 

Parallel-Serial MSR. Information is frequently inserted into an 
MSR in parallel and extracted serially. Such an arrangement is often 
used for system input and output buffering. The parallel-serial MSR 
may be mechanized by inserting information, one bit per core, into 
alternate cores of an MSR such as that shown in Fig. 10.2. Thus, 
at a counted-down clock phase occurring between ¢ and f;, the inputs 
in bit position sequence are inserted in 7'1, 73, and 75, whereupon the 
information is shifted serially toward the output at 76. The initially 
inserted block of information is shifted completely out of the MSR 
before a second block of information may be inserted. 

Serial-Parallel MSR. The serial-parallel MSR accepts information 
serially and discharges it in parallel. The parallel drive current is 
applied at a time between the two serial driver times but at a counted- 
down rate, since a period of a fixed number of clock cycles, depending 
upon word length, is required to position the input information (Fig. 
10.4a). In this MSR, two conditional transfer loops are required on 
that half of the cores that are used for both serial and parallel shifting, 
However, only one conditional transfer loop is necessary (Fig. 10.40) 
if the parallel outputs are produced by a read which switches the cores 
to the onz state rather than to the zero state. The parallel outputs 
are the negation of the input information because of complementary 
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reading; and because of winding polarities, no loop current flows in the 
serial transfer loops when the cores are read in parallel. If a negated 
output is not desired, the input to 71 may be negated, as explained in 
Section 10.4. After a parallel read, the register holds alternate 
ONES and zERos, both representing cleared states. This pattern is 
shifted out as the next word is serially shifted in. Serial-parallel 
MSRs are frequently used as input buffers. 


Output 3 Output 2 Output 1 





"1G, 10.4. Serial-Parallel MSR using (a) two conditional transfer loops, and (b) one 
wonditional transfer loop. 


Parallel-Parallel Register. In the parallel-parallel register, infor- 
ition is inserted in parallel and extracted in parallel; no serial shifting 
is involved. Such registers are often used for simple delay or static 
alorage. A register of this type is used in the system example in 
Hection 10.8. 

Reduction in Basic Shifting Elements by Multiphase Driving. With 
i system of appreciable size, one driver per clock phase is not sufficient 
(Section 13.1); additional drivers are required. Rather than simply 


- wdding parallel drivers at a few clock phases, it is generally advantage- 
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ous, if the clock period is long enough, to add drivers at additional 
clock phases. By adding phases to the timing cycle, more time may 
be required, but the number of cores required for an MSR of given bit 
capacity is reduced. For example, in the serial-serial MSR of Fig. 
10.5, information is assumed stored in T2, T3, T4, and T5, and T1 
and 76 are clear. At ¢;, the bit stored in 75 is transferred to T6; 
at to, the bit stored in 7'4 is transferred to 75; and so forth, until one 
timing cycle is complete. At such time, the information is stored in 
T3, T4, T5, and 76, and T2 is clear and T1 stores the new input bit. 


Tl T2 T2 T4 T'S T6 
Input (9 (9 (9 (9 (9 (9 Output 
ts ta ts tg ty ts 


FIG. 10.5. Serial-serial five-core-per-four-bit MSR, using multiphase driving. 


The read timing is in reverse order with respect to information transfer. 
In general, n cores per (n — 1) bits are required for MSRs of this type, 
where n equals the number of timing phases. A five-core-per-four bit 
MSR is shown in Fig. 10.5. 


10.4. Basic Logic Elements 


The basic PMA logic elements are based upon PMA circuit charac- 
teristics and upon the logic functions defined by the truth table 
(Table 7.1). For simplicity, only two-input logic is considered, 
except for the or function, which may be easily extended to involve 
additional inputs. Circuit diagrams are included with each of the 


basic logic element diagrams for comparison, and in several cases 


circuit design modifications necessary to effect particular logic con- 
figurations are described. 

The outputs of logic elements are a function of the inputs and are not 
necessarily related by any special function of time. However, because 
the core is by nature a binary data storage element, inherent digital 
delays result. The delay storage effected by each logic element must 
be accommodated in the timing of the system. Consequently, a 
logic element is frequently considered also to be part of an MSR; the 
effective capacity of the MSR is increased as a result of the dual func- 
tion of the logic element. 


The primitive set (Chapter 7) most useful for PMA circuits is the — 


OR-NOT-INHIBIT set. Logic and circuit diagrams for several methods 
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of performing each of the three functions are shown in Figs. 10.6, 
10.7, and 10.8, and the advantages and disadvantages of each are 
discussed. Other logic functions derived from the primitive set are 
described in Section 10.5. Operational descriptions begin at a phase 
in the timing cycle when the core under consideration is clear. Unless 
otherwise specified, the zERO state is the clear state. The basic logic 
elements use the basic PMA elements described in Section 10.1. 
Where one logic element is used several times in a given circuit, con- 
fusion is avoided by the use of unique letter symbols associated with the 
logic symbols, as described in Section 10.8. Where more than one 
input is received by one element, the various possible combinations of 
ONEs and ZEROs in these inputs are termed modes, as, for example, the 
1-1 mode or the 1-0 mode. 

The or Element. Four methods of performing the or function are 
shown in Fig. 10.6. Completely separate SD loops may be connected 
in parallel to accomplish oring, as shown in Fig. 10.6a. This method is 
not generally used, but the method does permit the use of two transfer 
loops of completely different design. 

In the parallel-connection method of oring with SD loops (Fig. 
10.66), the separate loops used incur the use of separate diodes, 
although only a single input winding is required. This circuit is per- 
mitted when the value of the input windings is the same for each trans- 
fer loop. This method is preferred when many outputs are to be 
oned. The A cores need not be read together, as is the case for 
methods using series connection, since the effect of the diodes is to 
provide essentially separate transfer loops. The back load presented 
many ored SD loops to core B at core B read time may not be 
hogligible, as is assumed in design step 2 (Sections 9.5 and 9.6). 

In the series-connection method of oring with SD loops (Fig. 10.6c), 
ll of the A cores are connected in the same loop, and must be read 
together. If the cores are read separately (in the case of SD loops), 
#ach inactive core presents such an excessive impedance to the loop 
durrent that transfer of information fails. The advantage of this 
method is that only one transfer loop (and therefore only one diode) 
js used. The disadvantage is that in the 1-1 mode, the tailout time is 
excessively long (Section 9.5, step 3). Since the coefficient of Ni®, 
(Mection 9.5, step 4) becomes 2, the circuit becomes more immune to 
\nverse noise. Allowance is made for the use of either one or two A 
sores in the circuit design. 

‘The separate-loop method should not be used for oring SW loops, 
sinve serious complications result. If both loops are simultaneously 
' oiabled (the A cores consequently read together), then in the 0-1 


i | 
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< or 1-0 input mode (only one loop switching core B), there is an exces- 

sive mmf load developed in the loop transferring a zero, because of 

2 the voltage induced in the N2 winding of this loop by the switching of 
core B. For a typical switching time, and for the same core and diode 


i) af ( ) used in the SW loop design example (Section 9.10), core B is loaded by 

avb . . the loop transferring a zERo to the full extent of the drive produced 

by @ CD by the loop transferring a onz. (The two loops must be the same 
i Me ides i 


design, for symmetry.) Consequently, SW loops cannot be arranged 

to read into the same core at the same time. The diodes in the loop 

transferring a ZERO are biased in the forward direction at the time of 

transfer, thereby producing the loading. The loading is considerable; 

the diode resistance is not given (diode V-I curve, Fig. A.9) by the 

slope of the line drawn from the origin through the operating point, 
he tbs 


C) as for the SD loops, but is the much lower resistance given by the 


| 


differential slope at the operating point. 


In the series-connection method of oring with SW loops (Fig. 10.6d), 

antes the A cores are connected in one loop. The circuit employed in the 

al a Oy example is the standard SW loop; in this arrangement, the tailout time 

: OL is very long in the 1-1 mode. However, this method may be used for 

cases where both A cores are to be cleared or primed at a later time, 

thus eliminating the need to prevent incomplete switching during read. 

lor high-speed SW loops this is not a problem, since the A cores are 
read unloaded, or nearly so. 

There are two limitations upon the series-connection oring method. 
Resistance imbalance is produced by the added A cores, and is of 
particular consequence in the 0-0 input mode; thus, each A core adds 
in ohm or two to the resistance in the upper branch of the loop. The 
second limitation restricts the number of clears permissible in sequence 
(Section 8.3). This susceptibility to forward noise results from the 
vory large choke inductance specified by eq. 9.39. When a lower value 
of inductance is used (determined by experiment), the number of 
vonsecutive clears permissible when two A cores are used is about four. 
‘These disadvantages may be removed by using cores in the lower leg 
of the loop in place of a fixed inductor. 

The use of separate but intermixed SD and SW loops for oring 
\s to be avoided, unless the loops are assigned separate transfer times. 
When one read time is used, the SW loops load the SD loops, as 
(lescribed above. 

The not Element. The nor function is performed by the circuit 
sonfiguration shown in Fig. 10.7. No special transfer loop connections 
ive involved; emphasis is placed on winding polarities and timing. 
‘The core involved is first primed to the one state at ¢, as in the figure. 
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FIG. 10.6. oR elements, logic and circuit diagrams. (a) Separate transfer loops, 
(b) Parallel-connection SD loop method, (c) Series-connection 8D loop method, 
(d) Series-connection SW loop method, 
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The input information is then given an opportunity to write a ZERO 
at tg—a reverse winding performs a polarity inversion on the input— 
and at tz the core is read by a conditional transfer loop. Thus, the 
output is a ONE for a ZERO input and a ZERO for a ONE input. 


jal 
mnt, Es) on 


t3 


FIG. 10.7. nov element, logic and circuit diagrams 





(a) Three-phase method 


INHIBIT elements, logic and circuit diagrams. 
(b) Two-phase method. 


FIG. 10.8. 


The inuisit Element. There are two methods of performing the 
inutsir function. The first of these methods (Fig. 10.8a) requires 
three clock phases and nonconcurrent inputs. This logic element 
requires the same circuits as are required for the NOT element, with the 
exception that the core is not primed, but rather is placed in an infor 
mation state by the first input. Thus, a oNE is read only if the first 
input is a onx and is not switched to zERo by the inhibiting input bg. 

The second method of performing the rvarerr function (Fig. 10.8b) 
requires two clock phases and permits concurrent inputs. This lo 
element requires the special use of an SW loop, although the same bas 
element design is used. The inputs are received at separate cores & 
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read simultaneously by the special SW loop shown in the figure. 
(Note the dot polarities of the windings.).. The upper input core is 
connected to transfer information to the receiving core in the usual 
fashion, and the lower (inhibiting) input core is connected to nullify 
the transfer by opposing the current unbalancing effects of the upper 
core. Consequently, a ONE is inserted in the receiving core only if 
the upper input is a ONE and the inhibiting input is a zero. No 
occasion is given the inhibiting input to switch the receiving core, since 
the latter will always have been cleared. 

Several circuit aspects of the two-phase INHIBIT element method 
should be discussed. Either the standard or the high-speed SW loop 
may be used; the following discussion applies to both loops. The basic 
transfer loop design (Sections 9.8 and 9.9) incorporates a choke to 
reduce forward noise. The choke is not required in the INHIBIT ele- 
ment application, although the transfer loop is otherwise the same. 
The balancing effect produced by the inhibiting input core is superior 
to that of a choke. The inhibiting action of the rnurBIT element is 
very insensitive to parameter tolerances, since the relatively tight 
circuit coupling tends to force the flux switching rates to be equal. 
During the 1nHIBITing (1-1) input mode, the full force of N,Jo/2 is 
applied to the switching of each of the input cores, causing both cores 
to switch rapidly (for example, in 0.5 us). If SD loops are used for 
the inserts to the input cores, the rapid switching forces the use of an 
inefficient SD design (N2 low because of the required T,); SW loops 
may be used to limit the effect of inverse noise. 

A circuit known as the mmf sink may be used for slowing the very 
rapid switching times of the A cores in the 1-1 input mode, while 
negligibly affecting the normal read times in the 0-1 and 1-0 input 
modes. The circuit consists of an additional winding on one core 
connected in series with a diode and with a similar additional winding 
on the other core. The polarities must be such that the diode con- 
ducts during read, thereby draining some of the applied mmf and leav- 
ing less to switch the cores. The number of turns No, of each core 
ure few enough (4 or 5) so that negligible current flows when only one 
of the cores is read with the normal switching time; when both cores 
ure read together, the two additive and higher voltages (fast switching 
(ime) cause considerable current. The sink permits SD loops reading 
into the input cores to be more efficient (higher N2), thereby lessening 
the load on the drivers. 

The method of designing an mmf sink for a given INHIBIT-connected 
MW loop design involves a procedure similar to that of Section 9.9, 


except that a design is sought which loads the predesigned SW loop 
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Tl T2 


appreciably only during the 1-1 input mode. The design procedure 
may be summarized as follows: 


1. A value of No, is assumed. 

2. Using eq. 9.27, involving the predesigned SW loop, Vp» is found. 

3. Using the diode curves, Neal pomax is found. 

4. Using the procedure described in Section 9.9, Ni is found. 

5. If this N; is greater than N, of the predesigned SW loop, a new T3 TA 
Noa is assumed which is one turn less than the previous value, and the 
effect of this No, on N, is again tested. 





FIG. 10.9. EXCLUSIVE OR element. 


After the sink is designed to have no effect in the 0-1 and 1-0 input 
modes, the switching times are found for the 1-1 input mode by the use 
of the following equations. Iteration between the two equations is 
based on Ippo. 

2N 24Pamin 


T AHmin = 2 Sori (10.1) 


Nialon 
2 


Nealp2 = — Faumin (10.2) 





FIG. 10.10. MATERIAL EQUIVALENCE element. 


10.5 Derived Logic Elements 
put is given only when the inputs are the same, either both ONEs or 


Other useful logic elements are derived from the basic logic elements. both zeros. The MATERIAL EQUIVALENCE element is composed of a 
The EXCLUSIVE OR and MATERIAL EQUIVALENCE elements and two AND Not, a crossed INHIBIT, and an oR basic logic element. 
elements are described. Still other, but less frequently used, logic The aNd Element. In PMA logic 
functions may be mechanized, but are not discussed here. The truth systems, the AND logic element. is a Te 
table for all of the two-input logic functions is shown in Table 7.1. ot as easily mechanized by direct 42 (9 y iy 
The exctusive or Element. The EXCLUSIVE oR element in PMA means as is the case in some other 
systems is simply mechanized; circuits for this function in other basi¢ systems of performing logic opera- : 7 
logic systems are usually more complex. Two crossed INHIBIT ele- (ions. Less emphasis is therefore . 
ments are used, both effected by the same SW loop, as shown in Fig. placed on the AND function in PMA 
10.9. The outputs of the two receiving cores are ored to give the logic design, and more on the INHIBIT 2 & 
final output. When insert a, is a ONE and 6; is a ZERO, a ONE is trans- function. The circuit shown in Fig. T3 












ferred from 71 to T2 at to; likewise, when a; is a ZERO and }, is a ONR, 
@ ONE is transferred from 73 to 74 at tg. However, when both a, and 
b; are ONES, the equal but opposite voltages induced at tz, one in each 
branch of the transfer loop, tend to unbalance the current equally in 
opposite directions. A zERO results, and the final output read from 
the receiving cores at ¢3 is a ZERO. 

The MATERIAL EQUIVALENCE Element. The MATERIAL EQUIVALENCH ele- 
ment is similar to the EXCLUSIVE oR element, except that one of the 
inputs is negated (Nor function), as shown in Fig. 10.10, A ON» out 


1.8 and discussed in Section 9.12 
iechanizes the AND function di- ty 
hootly. This circuit is not favored, 
however, since more power is re- 
(ulred than in standard SW loops, and the use of the circuit introduces 
wn additional basic element. Generally, the AND function is mecha- 
ilwed indirectly, by combining the Nor and 1nHtsIT elements. Either 
of the 1nuerr elements in Fig. 10.8 may be used. The logic diagram 


FIG. 10.11. AND element. 
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of the AND element, using the second 1nHIBIT element, is shown in 
Fig. 10.11. 


10.6 Counters 


The control and programming functions of a computer make exten- 
sive use of counters. Because of their importance, counters are pre- 
sented as a separate class of subsystems. In general, counters are 
composed of basic shifting elements (Section 10.2) and basic logic 
elements (Section 10.4). Extensive use is made of the shift register in 
counting, since extremely simple registers can be built from basic 
PMA shifting elements. Counters are composed either of binary 
counter stages, as shown in the binary stage counter, or of simple shift 
register elements, as shown in the ring counter, the subtract counter, 
and the shift-code counter. 

Binary Stage Counter. Each stage of the binary stage counter has — 
a one-bit capacity which is capable of producing a ONE output for every 


ty 


tg 





FIG. 10.12, Two-stage binary counter. 


two ONE inputs. The binary stages may be cascaded to produce ON# 
outputs scaled down by increasing powers of 2. The versatility of the 
counter may be increased by making intermediate outputs available, 
and by using various feedback schemes similar to those employed in 
counters constructed from other types of circuits. The counter ca 
be reset to zERO or set to any arbitrary binary number. The particular 
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binary stage counter shown in Fig. 10.12 is of two stages, each of which 
is composed of a ping-pong (7'2 and 74 in the first stage, and 7'6 and T8 
in the second stage). Each of the ping-pongs combines with the 
respective input cores (71 and 75) to form crossed INHIBIT elements. 
The results of the two inhibitions are written into separate cores, one 
being part of the ping-pong (72 in the first stage and 76 in the second) 
and the other (73 in the first stage and 7'7 in the second) a buffer core 
used for timing, which subsequently provides the output and feedback — 
to the ping-pong. 

Core 74 in Fig. 10.12 is assumed preset, and the first oNE input is 
written into 71 at t;. At te, the ONE is inhibited and simultaneously 
inhibits the preset, thereby resetting the stage. The second oNE 
input is transferred to 7'3 at te, since there is no stored ONE to INHIBIT 
the transfer. This second on is then transferred to 74, while provid- 
ing a ONE output to the next stage. A oNE output is produced for 
every two ONE inputs, and in turn provides the onz input to the second 
stage. There is a ONE output from the second stage for every four ONE 
inputs to the first stage. The onE inputs need not be unconditional, 
since intermediate results are stored in the ping-pongs. Thus, the 
binary stage counter counts ONE inputs without regard for zpRo inputs. 
‘he final output count is determined not only by the inputs but also 
by the presets. Eight cores are needed to produce a count of 4. 
lor a count of 2", 4n cores are needed. 

Ring Counter. A ring counter is simply a serial-serial MSR in 
which a single onz is circulated in such a way that the output from the 






Preset 







Output 


FIG. 10.13. Ring counter. 


juat element in the MSR is returned to the first element. The length 
of the MSR determines the count, and the counting rate is determined 
by the timing of the drive pulses. Unlike the binary stage counter, 
which provides a onE output scaled down from the input by powers of 
4, the ring counter produces a ONE output scaled down from the input 
hy integers. The input may be considered to be one of the read 


«lvivera, These drivers may operate at the clock rate, at a counted- 


ii 
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down clock rate, or may be conditional. The ring counter shown in 
Fig. 10.13 produces a ONE output for every three clock cycles (counts 
three), since three cycles are required for the preset ONE to make a 
complete circuit. 

A cycle distributor may be produced from aring counter by providing 
intermediate outputs. Thus, although each output is the same count, — 
each is displaced in time from the other outputs. Sets of counted- 
down clock pulses are produced in this manner. 





Preset 


Output 


FIG. 10.14. 


Multiple ring counter. 


Two ring counters may be cascaded as shown in Fig. 10.14, such 
that the output of one triggers a buffer driver for the other, thereby 
providing a count which constitutes the product of the two individual 
counts. Thus, a large-capacity counter is produced with relatively 
few cores. The economy of such a counter is increased where the 
buffer driver is useful in other parts of the system. The combined 
counter of Fig. 10.4 counts six (since a two counter and a three counter 
are cascaded) in the same number of clock times required by a single 
six counter. 

Two ring counters may be paralleled, in a sense, by connecting the 
two outputs to an AND element. The final output in this configura- 
tion is, again, the product of the two individual counters, if the two 
counters have no common factor other than 1. The anp element 
produces the final one output only when the cycling onxs in the two 
ring counters are applied coincidently as inputs to the AND element. 

Subtract Counter. A subtract counter counts by repeatedly su 
tracting unity from a number initially set in the counter, until a p 
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determined number, usually 0, is reached. Subtracting 1 in binary 
arithmetic is accomplished by complementing each bit, starting with 
the least significant, up to and including the first-onz. When the 
count reaches this number, a particular output is generated. The 
rate at which the input onEs to be counted can be accepted is deter- 
mined not only by the clock rate but also by the length of the minuend 
stored in the counter. 

The subtract counter shown in Fig. 10.15 is composed of a serial- 
serial MSR (71 through 7'6) with the output connected to the input, 





Subtract counter. 


FIG. 10.15. 


(wo crossed INHIBIT elements (75 through 7'8), a ping-pong (7'7 and 
7'8), two or elements (71 and 73, 76 and T8), and a JOINT DENIAL 
#loment (79, not discussed in Section 10.5; see Table 7.1). As indi- 
«ated, many of the cores are shared by several PMA elements. The 
subtraction is performed by the crossed 1nHIBIT elements; the ored 
output of 76 and 78 is the remainder and the output of 78 is the bor- 
row, ‘The borrow is returned to the input of the 1InH1BIT element (7'7) 
in time for operation with the next more significant bit. The Joint 
HWNIAL element inspects the contents of the counter MSR and 
produces a one output when the contents are zero. 

‘The number to be counted (in the example, 110) is set into the MSR 
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via a1, b1, and ci. This is the reference position for the counter, with — 
the unit bit in 75. The input, or subtract pulse S:, must be intro- 
duced only when the counter is in the reference position, so that the 
subtrahend and minuend are properly aligned. The first input ONE 
(Si) is transferred to 78 at te, since the c; input is a zERO. This 
transfer produces a subsequent oNE transfer to 7'1 (neglecting 79 for 
the moment) and also to 77, as a carry for operation with b;. At the 
second é2, the oNEs in 7'5 and 77 mutually 1nHrBIT, subsequently pro- 
ducing zero for the sum and borrow. At the third é2, a; is simply 
transferred through 7'6 to 71, since there was no previous borrow. 
The minuend (110 — 001 = 101) is now in the reference position, 
having been shifted through one complete word cycle. The input ons, 
in addition to producing the subtract pulse, also writes a ONE in 79, 
The one is then cleared by the onrs of the minuend as they are 
transferred in the MSR. Only when the minuend is 000 is the onE 
set in 79 read at tz, thereby signaling that the required number of 
input ongs has occurred. The subtract counter must be set to count 
properly a second time. 

The subtract counter may be used in place of the ring counter when 
the input is received from a core and not from a driver. (The input 
ons may be conditional.) Each time the capacity of the subtract 
counter is doubled, only two additional cores are needed, since a two- 
core-per-bit MSR is used, as compared with the four cores needed 
double the capacity of the binary stage counter. The counting ra 
of the subtract counter is slower, depending upon word length. 
advantage of the subtract counter is the ability to count conditio 
input ONEs. 

Shift-Code Counter. A shift-code counter is a counter in which t 
information content changes with each shift in accordance with a cl 
of codes called shift codes. It is convenient to think of shift codes ag 
being generated by a logic element (EXCLUSIVE OR or MATERI 
EQUIVALENCE, for binary numbers), wherein the output of the lo 

element is connected to the input of a serial-serial MSR, and where o 
of the inputs to the logic element is the output of the same MS 
Some freedom is given to the choice of bit position along the MSR f; 
which the other input to the logic element is taken. The informat 
content of such a device, depending on the MSR length and the s 
used for the second input to the logic element, shifts through (2” — 
bit, combinations (where 7 is the MSR bit length) in one compl 
cycle.!_ Counting is accomplished by setting a number into the coun 
and sensing for a predetermined number, at which time an output 
produced. Unlike the subtract counter, the shift-code counter coun 


from cither 73 or 7'5 or 77, a oN output results at ts. 
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at the clock rate, and more conveniently counts unconditional oNEs, 
since the input is provided, in effect, by the read drivers. 

The shift-code counter shown in Fig. 10.16a is composed of a serial- 
serial MSR (T1 through 75), in this case a multiphase MSR (Section 
10.3), and an EXCLUSIVE oR element (74 through 77), two or ele- 
ments (71 and T3, 75 and T7), and a JOINT DENIAL element (78). 
The EXCLUSIVE oR element can be considered an integral part of the 





(a) 
Shift-code counter. 


(b) 


MO, 10.16. (b) Sequence of operation. 


(a) Logic diagram. 
MSR, since logic elements have storage delays just as do shifting ele- 
ments. Thus, conceptually, the last stage of the MSR shown in the 
figure is 7'4, and the first stage is the combination of 75 and T7. 
Inputs to the EXCLUSIVE oR element are from the last and the next to 
the last MSR stages, and the output is to the first stage. In the exam- 
ple shown, the JoInT DENIAL element inspects the contents of the MSR 
for & count of 100, whereupon the element produces a ONE output. 

A count of 101 is assumed set into the MSR via a», be, and ce. 
With the aid of Fig. 10.16b (but neglecting 78 for the moment), the 
fquence of contents of the counter can be determined. When T8 
pevelves a ONE input from 71 which is not erased by onxEs transferred 


Thus, count- 
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ing back from 100 in the table to 101 (which was set in the counter), 
it can be seen that six clock cycles have been counted. Additional 
flexibility may be gained by using the output to reset the counter for 
the next counting cycle. 

Like that of the subtract counter, the capacity of the shift-code 
counter may be doubled by merely adding two cores (in this case, 
even fewer, since a multiphase MSR is used). The shift-code counter 
is faster than the subtract counter since it counts at the clock rate, 
however; the shift-code counter is not inherently suitable for counting 
conditional oNEs unless one of the read drivers is conditional. 


10.7 Serial Binary Adder 


Although many different adder designs are possible, a single example 
is given. The example is not presented simply to show that adders 
may be constructed from PMA elements, but to show also that the 
minimization of logic elements required by a particular subsystem can, 
in some instances, considerably complicate the logic. The explana- 
tion given is brief; only enough information is presented to aid a 


Table 10.2. Truth Table, Serial Binary Adder 
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logical designer, interested in the PMA technique, in following the 
sequence of operation. 

The explanation of the operation of the serial binary adder shown in 
lig. 10.17 is closely connected with Table 10.2. A serial binary adder 
has three inputs: a, and b, are the corresponding bits of the numbers 
to be added, where the subscript n stands for the bit positions in the 
numbers; c,_1 is the corresponding bit of the previous carry. In 
this adder, the complement of the carry is used and is stored internally. 
Subscripts to a and b are dropped, since only one bit is considered in the 





FIG. 10.17. Serial binary adder. 


table, Cores T1 through 74 can be considered to perform the first 
hwlf-addition, and 74 through 77 perform the second half-addition. 
Core 7'5 stores the negation of the carry, and 78 is a timing buffer. 
The adder operates as follows: At t3, 7'4 receives ab; at tz, ab is 
owed with the a’b’ in 74, thus producing ab Vv a’b’ (the MATERIAL 
WQUIVALENCE function, column 8 of Table 10.2). Since 7’5 is assumed 
0 lore NOT C,_1, and since the ored outputs of 76 and 7'7 give the 
XCLUSIVE OR of the contents of 74 and 75, the function in column 
results. This output is the sum, since column 9 is identical to column 
4, the required output. Core 75 stores the ored output of 78, 
wb’) and 17, [c,-1(ab v a’b’)’ column 10] which is seen (column 
11) to be the complement of column 5. Therefore, the negated 


evious carry is stored in 75. More straightforward serial binary 


(lers can be mechanized by the use of several additional PMA 
nents, The output occurs two timing cycles following the input; 





| | " 


174 Digital Applications of Magnetic Devices 


consequently, the adder may also be considered to take the place of 
two stages of an attached register. 


10.8 Application of PMA Logic to a Small System 


The logic diagram for a PMA system of significant size cannot 
adequately be presented and discussed in a brief chapter on PMA 
logic, but a limited description of a portion of such a system can be 
made useful. A small input and control system is described briefly; 
many subtleties of the over-all system, which would only serve to cloud 
the presentation, are avoided. Although basic elements are not indi- 
vidually identified, the method is described by which the basic PMA 
shifting, logic, and input-output elements are first combined into 
derived elements and subsystems, and then into the final system. 
Here again, only enough explanation is presented to aid the logical 
designer in acquiring an understanding of the operation of the PMA 
system presented. 

Typical design rules are given which permit the logical designer to 
complete the finished design of a PMA system without detailed con 
cern for circuit requirements, while ensuring that these requirements 
aremet. A brief description of the nature of the typical teletype input 
signal is also presented to facilitate understanding of the system 

block diagram and logic diagram. 

Logic Rules. Logic rules (Section 10.1) are developed to guide th 
logical designer, so that the limitations of the electric circuits are n¢ 
exceeded. In addition to the graphic symbols given in Section 10.1 
letter symbols are provided to indicate the particular electric circul 
used for each functional element, thereby giving electrical and lo zi 
information on one drawing. As an example, the set of logic rult 
used in the input and control system is given below. The letter | 
is used to denote SW transfer loops, and is followed by numbers desi 
nating particular SW loop designs. Likewise, the letter S is used t 
denote SD transfer loops and is also followed by designating numbe 
Detailed design procedures are presented in Chapter 9. Oth 


letters are given to special input-output designs discussed in Chapt 
11. The logic rules require that: 


1. The SD design S3 may have one or two A cores, and one, two, @ 
three B cores, if the B cores are subsequently read separately; if tw 
A cores are used, both must be read simultaneously, and only one m 
switch. ui 
2. The SD design S6 may have one or two A cores and one B cort 










































PMA Logical Design 175 


if two A cores are used, both must be read simultaneously, and only 
one may switch. 

3. The SW design Bl may have one or two A cores, but only one B 
wd if two A cores are used, the B core must be cleared after each 
nsert. 


4 4. The SW design B3 may have only one A core, and two or three 
cores. 

5. The special design K1 uses an SD loop to trigger a driver; 
several circuits may be used as discussed in Section 11.2. 

6. The special design K2 may be used when a driver is to perform a 
prime or clear in a particular core; the design may also be used to 


prevent a core from being read by a transfer loop concurrently with 
(he prime or clear. 


Nature of Teletype Signals. The teletype signal shown in Fig. 10.18 
sonstitutes the input to the input and control system. The teletype 
Always a 


SPACE MARK or SPACE —_ 
MARK = ~~~ 7-4» 
| lope ae 
. 1 
1 42 t F Yea wae | Stop 
SPACE baud | 1 1 i ae baud | 
grace __ Rosie Sh Jeo oe Le ee. oe 
Information bauds 
FIG. 10.18. Nature of a teletype character. 
line normally resides with 60 ma of current, which is referred to as the 
MAK condition. 


The system described is bivalued, with zero current 
i the alternate state, referred to as the space condition. A teletype 
tharacter representing information such as a single letter or number 
fonsists of seven time divisions, called bauds. A character always 
slurte with a space (start baud), followed by five information bauds 

wl concludes with a MARK (stop baud). The stop baud is slightly 
loimer than the other six, which are of equal length. In the input 
fontrol, the MARK is normally handled as a ong, and the sPacr as a 

suo (except for the start baud, as will be explained). 

Punction of the Input and Control System. A block diagram of the 


juput and control system is shown in Fig. 10.19. One of the groups of 
foves in the system functions as an input detector which receives the 
wrial teletype input and delivers it to the serial input register. 

the input register has received one full character (the capacity of the 


When 


ister), the information is transferred in parallel to a buffer register. 
wiated with the input are two control functions which generate, 
required, a character-start pulse and a baud-start pulse. An 
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> 


Buffer driver 


adjustable baud-sampling counter, which is controlled by the baud- 
start control, is provided to control the sampling time of the input 
detector. The character-received ping-pong is provided to remember 
that a full character has been received and to clear the counter. In 
addition to the three basic clock drivers, which occur many times — 

during each baud period, there is also a buffer driver. This driver is 


D(ty, to, tz) 
and control 
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T26 


Baud-start 


control 
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and control 
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Input and control system, logic diagram. 


Baud-sampling counter 

























Goss 
T27 
FIG. 10.20. 


FIG. 10.19. Input and control system, block diagram. 


used for three different purposes, the particular purpose depend 

upon the phasing of the trigger. 
Operation of the Input and Control System. A logic diagram 
the input and control system is shown in Fig. 10.20. At the fir 
Wi MARK-to-SPACE transition of the input (leading edge of a start baud 
a ONE output is produced from the character-start and the baud-s 
controls, the baud-sampling counter is started, and a ONE (representil 
the space baud) is inserted in the input register as follows. Core 
is permitted to be set to oNE by é3 (by the removal of the MARK input 
and is then read at ¢;. This bit of information is transferred 
T14—T2 is unaffected, since it is in the zpRo state—and then to 
triggering the buffer driver D at t;. Driver D, operating at ti, 


bit Teletype Input detector 
T1, 2, 3,39, 40 


te 
Input detector 
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called the start driver D;. Driver D; transfers the one in T33 to 
T15 (thereby starting the counter), and to 73, through T39. The 
start baud (a spAcE) has been negated by 7'1, and inserted into the 
input register as a ONE. 

The baud-sampling counter triggers driver D at t3. Driver D, 
operating at tz, is called the baud-marking driver D3, and is used to 
shift the input register. The counter is started again at the triggering 
of D3, by a transfer from 7'33, the baud-start control. The onEoutputs © 
from 733 (other than the first described above) are prevented from 
being written in 739 by the concurrent presence of ¢3. (This is a_ 
form of conditional transfer wherein a multipurpose buffer driver, 
which is triggered at different clock times, reads the transmitting core, 
causing insert in selected receiving cores.) The value of this insert is 
dependent upon whether or not the transfer occurs during the time 
each of the selected receiving cores is cleared by an overriding mmf. 
Where the use of this technique is possible, savings in the number of 
buffer drivers and SW loops are made. Parallel outputs from the 
counter are oRed through 7'37 and 738, and used to 1NurBIT further 
ONE outputs from the character-start control (714). A variabl 
delayed sample pulse (selected by the range control switch) is directed 
to the input detector. 

The five information bauds, which follow the start baud, are now 
received in turn and inserted in the input register. During each sPACcB 
baud received, onEs are continually read from 71. . At sample tim 
(determined by the setting of the range control switch), the ONB 
transferred from the counter to 7'2 is INHIBITED, by the ONE output 6 
T1, from being transferred to the input register. Conversely, if 
MARK is received, the sampling ons from the counter is not INHIBITED 
Thus, MARK is first negated (Nor function), then used to INHIBIT 
sampling oN#, and, finally, inserted in the input register as ONDS, 
Each time D; is triggered, the input register is advanced serially, but 
no parallel transfer is permitted, because of the concurrent application 
of ¢3 to the cores of the buffer register. Again, this is a form of con 
ditional transfer. 

Finally, during the serial processing of information in the inp 
register, the ONE representing the start baud is transferred to th 
character-received ping-pong and to 736, thereby triggering the char 
acter-received driver Do. (This is the third use for the D driver, 
Driver D2, which is used to read the input register in parallel, 
physically identical to D; and D3, but in this instance, owing to a 
timing, the transfer is in parallel to the buffer register. A seri 
transfer is prevented by the concurrent application of t, to the inp 
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register. The one is transferred to the ping-pong by t;, De, and/or 
t3, and subsequently clears the onz in the counter. The ping-pong is 
cleared at the start of the next received character by the concurrent 
application of D; and 4}. 
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chapter ll 


PMA 
INPUT-OUTPUT 
CIRCUITS 


11.1 Data Input Circuits 
11.2 Driver-Triggering Circuits 


11.3. Data Output Circuits 


The basic PMA transfer loops described in Chapters 8 and 9 are 
used for both shifting and logic elements (Section 10.1) and are also 
modified for use as input-output or special elements. Such modifica- 
tions are discussed in this chapter. To preserve the emphasis upon 
designing basic PMA circuits and combining these circuits into fune- 
tional subsystems and systems, the subject of input-output circuits h 
been largely ignored in the previous chapters. Input-output circuits 
are presented in somewhat less detail than are the basic PMA circuits, 
The output circuits discussed are considered separately from the driver= 
triggering circuits, although, in many cases, the circuits are identical, 
The material in Section 11.3 is therefore heavily dependent upon that 
of Section 11.2. 

Chapters 8 and 9 (but not Chapter 10) are prerequisite to Chapter 
11. The discussion of current drivers in Chapter 12 is closely related 
to that of driver-triggering circuits in Section 11.2. 


11.1. Data Input Circuits 


Data inputs to PMA systems may be classified in several ways, 
Presetting of data into cores is usually accomplished before the equi 
ment is operated, whereas writing of data into cores is accomplish 


during normal operation of the equipment. Writing is initiated 
180 
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current drivers under the control of a system clock. Such inputs are 
necessarily synchronous, since the action never involves data received 
from external data sources. Preset data presents no problem with 
respect to synchronization since the system clock is usually not running 
during presetting. Data received from external sources may be 
written into cores either synchronously or asynchronously. Only 
asynchronous inputs are discussed, since no special problems arise if 
the input is synchronous. 

Presetting. When the operation of a PMA system begins, usually 
all of the cores in the system are preset (Section 13.2). Cores may 
be preset to prevent obsolete data (clutter) from affecting proper 
operation, or preset to states representing a predetermined set of data. 
Usually, all cores have a one-turn series-connected preset winding, 
with a capacitor discharge providing the switching current. Pre- 
setting all cores at one time avoids spurious data transfers. The 
currents providing the preset function must be on long enough to 
ensure that all cores are completely switched, the worst-case condition 
being when an A core in an SD loop is preset to the oNE state and the B 
wore to the ZERO state. 

Parallel presetting is sometimes used for special programming. In 
parallel presetting, individual series resistors must be used to ensure 
(he proper division of current. 

Asynchronous Inputs. <A more general problem is that of accepting 
jnputs during normal operation of the equipment. Because proper 
Operation of PMA systems depends upon an assurance that each of the 
(onstituent cores is always in one of two precisely defined states, the 
logic and circuit design must be such that all possible inputs fully 
awitch the cores receiving data from input circuits. Synchronous 
\nputs present no problem in this regard, since the circuit used to 
iletect the state of the input signal can always be designed to sense at 
(imes other than when transients may occur. Any of the circuits 
(incussed in this section suffices for synchronous inputs. With 
faynchronous inputs, however, special considerations are necessary. 

‘here are several methods of discriminating against partial inputs 
through logical design. One such method is to use a shift register in 
which the input data are shifted serially. A shift register has unity 
gain for only one particular flux-turn input. If the input is greater, 
the flux-turn output builds up toward ons& after several stages. Con- 
versely, if the input is smaller, the flux-turn output decays progres- 
‘ively toward zpro. The same result can be accomplished by shifting 
the input signal back and forth in a ping-pong circuit before the data 


ave required for use. Theoretically, these methods are not foolproof, 
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An MSR or counter may be used for the same purpose. As with the 
ping-pong, the attempt is made to read information into two adjacent 
cores with the assurance that a ONE will be read into one of them. So 
that two onEs do not remain in the register, an output of a succeeding 
core is transferred back in such a way that the first onE output clears 
the core storing the second ong, during subsequent shifting. 


but suffice to reduce considerably the probability of operating with 
partially switched cores. 

A more certain method of ensuring that partial inputs are not 
accepted by the system is to trigger a knife-edge driver (Section 13.2) 
from the input core circuit. This type of driver is designed to be truly 
bistable, producing either a standard output or a pamplete absence of 
output. 

Standard SW Loop Input Circuit. Frequently, data input pulses 
are long in relation to the switching time of a core; consequently, the — 
input mmf appears as a d-c level to the transfer loop. In this case a 


11.2 Driver-Triggering Circuits 


This section is concerned with the triggering of drivers used inter- 
nally in PMA systems. The drivers discussed are those used to oper- 


core ite additional PMA circuits in the same system. Emphasis is placed 

on methods for designing PMA circuits to drive equivalent driver input 

ni t) gircuits. The design methods are not discussed in great detail, 

ulthough the information given should be of value to the design 

us @ngineer. Design methods are discussed for triggering thyratron and 

a, | 2p} vacuum-tube drivers by means of pulse transformers, and for trigger- 

wept ), ing transistor and vacuum-tube drivers by direct application of the 
winding MA output voltage. 


"tp (at ts) Triggering Thyratron Drivers. Thyratron drivers (Section 12.2) 
are limited to applications where repetition rates are low. The core 
tay be thought of as driving an equivalent resistance equal to the 
ollective input resistance of the grid circuit reflected through the pulse 
transformer. The voltage that must be developed across the equiva- 
lent resistance depends somewhat on the trigger duration, or switching 
time of the core, as shown by the curve of Fig. 11.2. 

‘The basic step 1 equation (eq. 9.7 in the detailed design procedures 
of Chapter 9) may be modified to suit this special circuit as follows: 


FIG. 11.1. Standard SW loop input circuit. 


standard SW loop design may be used as an input device, thereby 
reducing the loop types. However, the logic of the system must be 
designed to function with a negated input, as shown in the circuit 
of Fig. 11.1. In operation, the driver attempts to prime the input core 
at t;. A ONE is not written in the core, however, if there is a current 
(Ir) in the input winding. Consequently, at ts, a zERo is transferred 
(representing a ONE input) and, conversely, when there is no current in 
the input winding, a ONE is transferred (representing a ZERO input), 
Actually, a zeRo is transferred whenever the input current exceeds & 
certain minimum value. 

Asynchronous Short-Pulse Inputs. In some applications, an inp 
is received from another core system running asynchronously and at & 
slower speed. A ping-pong may be used as a buffer, to detect the 
presence of an input pulse and to store the fact that such an input has 
occurred. To ensure that data is read into the ping-pong, the input 
loop couples both of the ping-pong cores, and the duration of input is 
made as long as one ping-pong cycle time (two pulse periods). A 
similar method is used to reset the ping-pong, except that the meth 
used is to inhibit transfer, rather than to actually clear the core stori 
the onr. 


V T max V mi xT max 
MN, = Dmax+ Ama: a Zmax+ Ama: (11. 1) 
@ amin Pj min 


Whore Vz is the voltage to be developed across the equivalent load 
feslatance. The loop current is found by applying Ohm’s law. A 
(lealgn procedure may be developed from eq. 11.1 and the applicable 
slepa given in Section 9.5. 

‘lhe pulse transformer may be eliminated if the flux of the PMA core 
ia Increased and/or the output winding is made very large. With 
inereased turns on the output winding, distributed capacitance may 
lw w factor requiring design consideration both for writing into the 
fore and for reading. 

Triggering Vacuum-Tube Drivers through Pulse Transformers. 
‘There are two principal methods for triggering vacuum-tube drivers, 
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each involving the use of pulse transformers, 
typical vacuum-tube driver is explained in Section 12.3. 
method, a separate pulse transformer is used for trigger purposes; 
the design approach is the same as that discussed above for thyratron 


The operation of a 
In the first 


drivers. 
In the second method, the driver is triggered via a separate winding 
on the regeneration pulse transformer. The method of design indi- 


cated above is applicable when the transformer load is largely resistive 
This load condition generally 


and not more than slightly capacitive. 
results in practice. When regeneration assumes control from the 
trigger voltage, Vz rises and exceeds the voltage generated by the core, 
thereby back-biasing the diode and preventing the circulation of loop 
current. Thus, all of the driver mmf supplied is consumed in switch- 
ing the core, with the result that the switching time is reduced, fre- 
quently to about 1 ys. The inverse noise produced when an SD loop 
is used to write into the trigger core affects the choice of the input 


SD loop. 

In some applications, a trigger circuit is used which is similar to the 
single pulse transformer type, except that the load is predominantly 
cnupacitive. To replace the equivalent resistance term in eq. 11.1, a 
now first term must be developed for an equivalent capacitance. The 


@quation for charging a capacitor is 


1 T 
V.= af I dt (11.2) 


Mince the loop current is considered constant (Section 9.3), the equation 
reduces to V, = IT/C. The equation for the size of the output wind- 


ing then becomes 
I Pos x V mi: T max 
Ni = L+ Ama DLmax+ Ama: (11.3) 
Cmin® amin @ Amin 


Triggering Transistor Drivers. For solid-state equipment, a variety 
In the typical example shown in 


of transistor drivers are available. 
Wig. 12.4, the driver is triggered directly from the output of a core. 


I\quation 11.1 may be used for step 1 in the design procedure, with 
Vy taken as the maximum drop across the base of a minimum-B 
The voltage 


(ransistor, and the diode drop taken at the base current. 
Vy» must be increased to overcome the base-to-emitter reverse bias. 


Direct Triggering of Vacuum-Tube Drivers. A vacuum-tube driver 


iiay be triggered directly (without the use of a pulse transformer) 
Figure 11.3a shows a typical 


luring the rise time of the drive current. 
direuit for this purpose. The higher voltage needed is produced by 
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faster switching of the core. Since the output voltage duration is — 


correspondingly short, the regeneration of the driver circuit must be 
capable of gaining control very rapidly. 


An equation for switching a core during the rise time of the read 
current must be derived. To simplify the analysis, the rise time is — 


assumed to be equal to or greater than the required switching time. 


To driver 
y input 


tig Negative bias 










Read Current ig 


I oF 


a 
ae 


FIG. 11.3. Direct triggering of vacuum-tube driver. (a) Effective circuit. (b) 


Drive current waveform, showing construction for derivation of the equation for 
No. 


' 

It is also assumed that the current rises linearly with time. Figure 
11.3b indicates the points and slopes of the wave-form used for thi 

derivation. For this design, it is assumed that the load is purely 

resistive, and that the voltage needed is known. i 

From the figure, the following may be obtained: J 

T; = time before core starts to switch (passes through Fy) 

Ta = core switching time uy 

T, = Io rise time (linear rise) q 

T,1 = I rise time (linear rise) = 7", 
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The two important slopes are then defined as: jai 
m = I/T, (slope of Jo during rise time of drive current) 
m, = I/T,1 = 1/T 4 (slope of J during switching time T,, assuming 
a linear rise of loop current) 
From the figure, and from the foregoing, the following may be obtained: 


T, = Fo/mNo (11.4) 

sphere (11.5) 
2 

ie me (11.6) 


where average values are indicated by subscripts. From the node 
equation (ZNI = 0), the switching equation (Chapter 5), and from 
the foregoing, the following may be derived: 


Fo Gs _ NimiTa 
—)= — | —_—= 11.7 
Nam (14 + <2.) Pota t 9 (11.7) 

I‘inally, with the appropriate parameter limits inserted, 

2G smax Fomax Nim max 
=, + — + 11.8 
nS MminT aL” Mrmin!' aL Mymin ( ) 
‘he equation for N1 is stated as 
mi xl 

oe Vomaxl'at , Vimaxl'ar (11.9) 


®P amin Pamin 


where Vmax is the maximum average output voltage desired at the 
low limit of read current. Empirically, this voltage is 1/1.65 times 
the peak voltage. When the output winding is determined (by the use 
of eq. 11.9), the drive winding may be computed by application of 
oq. 11.8. 

‘lo choose a switching time (which must be less than the rise time of 
(he drive current, as stated in the derivation of eq. 11.8), an additional 
equation must be developed. This equation is derived by minimizing 
the sum of eqs. 11.8 and 11.9; the very small terms Fomax/MminZ' az 
and VimaxZ'4t/Pamin in egs. 11.8 and 11.9 are neglected. The switch- 
ing time equation is stated as 


3 
Dyn = a| asmaxPamin (11.10) 
m 


min V Dmax 
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11.3 Data Output Circuits 


Output circuits for PMA systems, when considered with the devices 
receiving the outputs, are of two general types: those which store 
information from the output and produce d-c levels, and those which 
do not store information in themselves but repeat information from 
the output on a pulse-for-pulse basis. The two types differ principally 
in that, in the first case, the d-c level is switched off by a pulse irom a 
second output circuit, and, in the second case, a steady output -esults 
only as long as pulses are received from the PMA output. In most 





FIG. 11.4. Ping-pong output circuit to relay. 


instances, the design of such output circuits is the same as that of the 
driver-triggering circuits of Section 11.2. 

Power Output Devices with Storage. Thyratrons are usd for 
alarms and other output devices where advantage is taken of tke high 
current capacity and memory capability of this type of tube. The 
design of the triggering circuit is discussed in Section 11.2. 

Power Output Devices without Storage. Relays are driven directly 
by PMA circuits within the system, as shown in the typical circuit of 
Fig. 11.4. Only the core output circuits are shown, for simplicity. 
The two output cores are part of a ping-pong circuit (Section 10.2), 
and as such provide the relay circuit with two energizing pulses for 
each complete cycle of ping-pong operation. Since the relay is current= 
operated, but presents an inductive load to the circuit, the relay clos- 
ing time depends only on the voltage developed by the ping-pong. 

The relay selected for use in this circuit must have a relatively high 
coil resistance, and must operate in the desired time even when 
operated from a relatively low voltage source. The ping-pong circuit 
is driven at such a rate, and with such switching times, as to ensure 
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that capacitor C1 is charging most of the time. The charging time 
constant RC, is then made short compared to the discharge time con- 
stant. (The latter is essentially the series resistance of the relay and 
R, multiplied by C;.) Additional filtering may be provided by add- 
ing C2; protection against backnoise to the output cores, caused by 
the inductive voltage produced as the relay releases, is provided by 
the shunt diode. 

Generally, it is not necessary to charge C1 during the first output 
pulse, since the relay response is relatively slow; consequently, the core 
output design may be less conservative than the design presented in 
Section 11.2. A design equation for charging a capacitor is presented 
in the discussion below of d-c level outputs without storage. The 
ping-pong circuit, however, must be designed to permit transfer from 
one core to the other even when heavily loaded, before C1 is charged. 

D-C Level Output with Storage. Vacuum-tube or transistor flip- 
flops are useful output devices for buffering between PMA circuits 
and d-c level circuits. Flip-flops are triggered in the same way as are 
drivers (Section 11.2). 

D-C Level Output without Storage. A very useful output circuit 
for PMA systems is the combination ping-pong and pulse-rectifier 
circuit. This type of circuit is used to fire neon bulbs, to apply or 
override bias to tubes, and to energize relays, as described above in 
this section. The core output voltage usually charges a capacitor 
through a diode, after being stepped up in voltage by a pulse trans- 
former, if desired. Thus, a d-c level is maintained, usually with the 
nid of an RC filter, as long as a ONE is stored in the ping-pong. 

If the rise of the d-c level is permitted to take six to ten clock cycles, 
the design of the output loop need not involve the initial rise in d-c 
level but need only consider the steady-state discharge-recharge cycle 
of the reflected capacitance, as shown in Fig. 11.5. (The core shown 
ix driven by a ping-pong.) The capacitor voltage, as a result of the 
wore output, may be written for constant current as 


IT ar 


_yl 
Ve = V. = C 


(11.11) 
Thus, the step 1 equation becomes 


Ni — V izmex! Almaz ILT atmax V pmax! aLmax (1 1. 12) 
D4 min Cmin® Amin by min 


The current 7, is equal to the average current required to charge the 
oapacitor, which in turn supplies a continuous output current. 
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FIG. 11.5. SD loop reading into pulse-rectifier circuit. (a) Effective. circuit. 
(b) Waveform of capacitor voltage after rise. 


Indicator Circuit with Storage. Many useful indicator circuits are 


possible; one particular circuit, having the property of storage, is 
shown in Fig. 11.6. In this circuit, the transistor is normally cut off — 


by the drop of diode CR2. A one read from the core draws current 


from the transistor base, thereby causing collector current to flow, — 
lighting the lamp. Regeneration is provided by the pulse transformer, — 
which holds the transistor conducting until transformer saturation is — 
reached.’ The transformer is designed to ring, thus turning the 


CR1 





FIG. 11.6. Indicator circuit with storage. ‘ 
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transistor on again one cycle later. The indicator lamp is kept lighted 
by the oscillatory nature of the circuit. In Fig. 11.6, a pushbutton 
switch is provided to extinguish the light.. The design of the core 
output circuit is described in Section 11.1. 
Indicator Circuit without Storage. Many indicator applications, 
such as monitoring the contents of a ping-pong, require only that a 
pulse of energy be supplied to a lamp for each read one of the output 
core. It is assumed that when a oNE is stored in the ping-pong, the 





FIG. 11.7. Indicator circuit without storage. 


ON® output is repeated at a sufficiently high rate to eliminate lamp 
flicker. Figure 11.7 shows such a circuit. A neon lamp is used in this 
circuit; for every read ONE, a pulse of energy is delivered to the neon 
lamp via the pulse transformer and the transistor. Actually, several 
pulses may be delivered if the transformer is permitted to ring. A 
base-to-emitter bias may be used if required. The design of.the core 
output circuit is described in Section 11.1; in this case, the diode is 
not needed. 
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PMA 
CURRENT 
DRIVERS 


12.4 Transistor Driver 
12.5 Comparison of Drive Methods 


12.1 Driver Specifications 
12.2 Thyratron Driver 
12.3. Vacuum-Tube Driver 


The design of reliable magnetic circuits depends to a great extent 
upon an accurate knowledge of the characteristics of the driving source. 
PMA circuits are usually connected in series to current sources. 

This chapter discusses various current drivers applicable to PMA 
circuits. In accordance with the design philosophy set forth in Chap- 
ter 9, these circuits are normally designed for operation under worst- 
case conditions. The discussion emphasizes those characteristics 
and design details of each type of current driver that are most impor- 
tant to the design of PMA circuits; it is beyond the scope of this book 
to present a thorough analysis of current driver design.' ? 

Only one typical circuit is described in each section. However, 
an attempt has been made to vary the operating characteristics 
of each to include a number of different methods of pulse forming and 
regulating. 


12.1 Driver Specifications 


Many factors must be taken into consideration when designing a 
current driver. Among the more important are amplitude, duration, 
repetition rate, rise and fall times, loading, and input requirements. 

The amplitude of the driver current is limited by the characteristics 
192 
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of the active element, and tends to vary with these characteristics. 
To keep this variation to a minimum, a regulating circuit is usually 
included. To conserve components, space, and power, it is desirable 
that the driver circuit be self-regulating and not require the use of an 
additional active element. 

The driver duration is usually determined by some sort of pulse- 
forming network, such as a delay line or tank circuit. The tolerance 
of the components that make up this circuit cause the duration of the 
drive pulse to vary. The pulse-forming networks have recovery time 
characteristics which limit the operating frequency. 

The rise and fall times of the current pulse are affected to some extent 
by almost every circuit element. This includes the characteristics 
of the active element employed, the properties of the load, the peculi- 
irities of the pulse-forming network, and the amount of regeneration, 
if any, used. In addition, the rise time can be greatly affected by the 
characteristics of the triggering pulse, and in some cases it may be 
necessary to add circuit elements to limit the rise time to a particular 
range. The fall time, in general, is dependent upon the design of the 
rise time and is normally of lesser importance, if it is not so short that 
excessive system noise results. 

The number of magnetic-core circuits that can be driven by the 
driver is determined by the magnitude of current, the voltage swing 
of the driver, and the range of current regulation desired. The 
allowable voltage swing is usually limited to the nonbottomed portion 
of the plate and collector characteristic curves, respectively. 

Other characteristics of the driving source are discussed with respect 
to the typical circuits presented in the following sections. 


12.2. Thyratron Driver 


A simple thyratron driver circuit is illustrated in Fig. 12.1. In the 
quiescent state, the delay line is charged to Vz. When a trigger pulse 
is applied, the thyratron fires, causing current to flow through the load. 
A negative voltage pulse travels down the delay line and upon reaching 
the end, which is open-circuited, is reflected back in phase. When this 
reflected pulse reaches the plate, the tube current is extinguished. 
he delay line is then recharged through resistor F1. 

The amount of load that can be driven depends somewhat upon the 
regulation desired. If R1 is assumed to be very large and the tube 
(lrop is regulated, the load current J is given by 


Vo, — Vr 


piduiacenen ses, tt. 
9 Zat+Zn+ Re 


(12.1) 
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Delay line 





FIG. 12.1. Thyratron driver. 


where Zz is the impedance of the load, Zx is the impedance of the delay 
line, and V7 is the drop in the thyratron. 

For variable loads, as in PMA circuits, the degree of regulation 
depends upon the ratio Zzmax/(Zx + R2), which is the relative imped- 
ance of the load compared to that of the other series impedance. 
Values of 1/3 to 1/5 for the ratio are typical. Larger values cause 
wider current variations and may cause the waveform to deteriorate. 
In addition, the extinguishing of the thyratron becomes more difficult, 
and circuit operation can become marginal as this value increases. 
However, although smaller values ensure a smaller current variation 
with load, such values also make the circuit more inefficient. 

There are some disadvantages to the use of the thyratron driver. 
The frequency of operation is limited to a maximum of from 2 to 5 ke, 
primarily because of the deionization time required by the thyratron, 
and the recharging characteristic of the R1—delay-line combination. 
If it is necessary to preserve the waveform and to maintain a relatively 
constant current, the load should be somewhat lower than the char- 
acteristic impedance of the delay line. This decreases the power 
efficiency considerably. Current pulse widths greater than 10 to 20 us 
generally cause the size of the delay line to become impractical. The 
relatively large-amplitude, long-duration pulse (Fig. 11.2) required to 
trigger the thyratron places considerable requirements on the trigger- 
ing ‘source. : 


12.3 Vacuum-Tube Driver 


A.form of blocking oscillator vacuum-tube circuit (Fig. 12.2) can be 
used as a current driver. Pentodes are generally used. The tube is 
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normally biased off. If a trigger pulse is applied, current flows 
through the load and the primary turns N1 on pulse transformer 71. 
This causes a positive voltage to be induced in the tank circuit, com- 
prised of turns N2 and capacitor C1. Ifthe resistor R1 is large, the 
form of this voltage is very nearly a sine wave. Furthermore, if the 
(urns ratio and the current amplitude are of the proper values, the 
generated voltage is of sufficient amplitude to maintain the grid at a 
positive potential throughout the positive portion of the ringing cycle. 
When the generated voltage goes negative, the tube is cut off, causing 





FIG. 12.2. Vacuum-tube driver. 


the load current to cease, and the oscillation is damped out en CR1 
and R3. 

The circuit shown in Fig. 12.2 contains no provision for current regu- 
lation, which means that the amplitude of the load current depends 
largely upon the tube characteristics. A method of regulating is, 
therefore, also shown (Fig. 12.3). The pulse-forming part: of this cir- 
oult is the same as for the unregulated circuit (Fig. 12:2) with the 
exception that the tank circuit is damped on both the positive and 
hogative excursions by F1. 

In the static condition, point A is clamped to Vy by CR3. . Diode 
(R2 disconnects point A as long as it remains positive with respect to 
the grid circuit. Shortly after a trigger pulse is applied and regenera- 
tion is initiated, the grid is very nearly at cathode potential... A cur- 
rent-monitoring resistor R3 is placed in series with the load... At 
some chosen’ value of current, the voltage drop across ‘#3.is approxi- 


mately equal in absolute magnitude to (Viz, — V2). . This negative 


voltage is coupled by C3 to point A, and if the load current tries to 
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increase, the grid is driven negative, thereby tending to reduce the 
plate or load current. The amount of regulation obtainable by this 
method depends on the values chosen for R3 and (Vz, — V2); regula- 
tions of +10 per cent in load current are readily obtainable. 

Many times it is necessary to perform a sequence of operations with 
only one pulse-triggering source. If the value of R3 is suitable, a 
differentiating circuit, R4C4, can be added to supply the triggering 
pulse for the next stage. 


To next 
driver trigger 


boats 


Trigger 





FIG. 12.3. Self-regulating vacuum-tube driver. 


The most serious limitation in the use of vacuum-tube driver cir- 
cuits seems to be current amplitude. For miniature tubes, 100 ma isa 


reasonable maximum for end-of-life conditions. Large power tubes — 


can be used to obtain more current but the triggering requirements 
become greater. Pulse widths up to 50 us are readily obtainable with 
this type of circuit. The frequency of operation is limited by the 
recovery time of the pulse transformer and by the power rating of the 
tube. 


12.4 Transistor Driver 


A self-regulating transistor current driver (Fig. 12.4) uses two pulse 
transformers: T1, which forms the pulse, and 72, which controls the 
amplitude of load current. When a trigger pulse is applied, collector 
current flows through the load and collector windings of both trans+ 
formers. Transformer 7'1 causes regeneration, whereas the effect of 
T2 is degenerative. 
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If the base-to-emitter voltage is V gz, the voltage drop across CR1 is 
Vp, and B is the large-signal current gain of the transistor (Chapter 6), 
then the collector current is given by 


I ~ (“2 — Vert+ 2) ( BN, ) (12.2) 
sl Ry BN3+ N4 


I’rom the foregoing, the ratio N4/Ns should be considerably less than 
B, and Vcc should be considerably greater than Vp — Vaz, if the driver 





Trigger to. <—— 
next driver 
N5 (T1) 
Rl CR1 





CR2 


Trigger 


CR3 


FIG. 12.4. Transistor driver. 


current is to be well regulated. The L/R time constant of N4 and R1 
should be considerably greater than the duration of the driver pulse. 
The duration 7'o’ of the driver pulse is determined from 


 E2(NiB — Na)lIe 
~~ BN2(Vec + Vo) 


where Le is the inductance of the N2 winding. The value of N2 
should be chosen so that the transformer approaches saturation at the 
ond of the pulse duration 79’. In this way, the variation in pulse 
duration is kept to a minimum. Regulations of +10 per cent are 
roulizable. The N»2/N, ratio must be considerably less than B, if 
'y' is to be well regulated. The turns ratios for 71 and T2 should 
be kept as high as possible to minimize voltage drops in the collector 
windings. 

As in the vacuum-tube driver circuit, a driver can be triggered by 
lifferentiating the pulse which occurs across N5. 

A serious limitation in transistor current drivers is the amount of 
load that can be driven. This is limited by the inverse collector volt- 
age rating. When PMA circuits are driven, consideration must be 





T (12.3) 
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given to the voltage generated when the cores are switched to an 
opposite remanent state by another driver. This induced voltage 
adds to the supply voltage. Typically, a transistor having a maximum 
rating of 40 volts would only permit a drop of 10 to 15 volts across the 
load. 


12.5 Comparison of Drive Methods 


Three constant-current drivers have been described. Many varia- 
tions of these circuits are possible, as are other current drivers which 
are completely different. In any case, the active element is likely to 
be either a gas tube, a vacuum tube, or a transistor. 

The maximum peak amplitude of current available ranges from 100 


ma in miniature vacuum tubes to several amperes for both thyratrons — 


and transistors. This range is the intrinsic limitation imposed by the 
characteristic of the active element. Further restrictions can be 
imposed by the characteristics of the load, the frequency of operation, 
and the magnitude of the supply voltage. The regulation obtainable 
depends upon the ratio of the voltage used for regulation to the total 
voltage available to drop across the lodd. As the ratio increases, the 
regulation improves but the efficiency decreases. For transistors and 


vacuum tubes, values of +10 per cent are easily attained. For thyra-_ 


trons, where automatic current control of the active element is not 
employed, the regulation is normally between +25 and +50 per cent. 

The current pulse duration is usually limited by the characteristics 
of the pulse-forming network. Durations of from several tenths of a 
microsecond to 100 us are obtained from self-forming drivers. The 
accuracy of the pulse width is primarily controlled by the tolerances 
of the components that make up the pulse-forming network. Varia- 
tions in the magnitude of the current affect the duration slightly. 

The maximum repetition rate is limited by many factors, but mainly 
by the characteristics of the active element, the pulse duration desired, 
and the recovery time of the pulse-forming network. Because of the 
deionization time necessary, thyratrons are usually limited to rather 
low frequency operation. The power-handling capabilities of the 
particular transistor or vacuum tube used limit the upper frequency 
of operation. 

The current rise and fall times for these drivers range from 0.05 us to 
3 us. In regenerative circuits, it is sometimes necessary to add circuit 


elements to retard the rise time or to control the shape of the triggering — 


pulse. The fall time is generally slower than the rise time but this 
does not normally introduce any difficulties. 
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The load, or the number of magnetic circuits, that can be driven 
depends upon the active element which controls the magnitude of the 
supply voltage. Power dissipation is usually the governing factor in 
thyratrons and vacuum tubes. In transistors, however, the inverse 
voltage rating is normally the limiting factor. 

The input requirements are unique for each type of active element 
employed. The vacuum-tube circuit has a high input impedance and 
requires very little triggering power. The transistor is essentially a 
current device and has the lowest input impedance, but consequently 
requires the most power. The thyratron lies somewhere between these 
two, on the basis of impedance. The amplitude of the triggering 
voltage required for reliable operation is quite high. False triggering, 
because of noise, is sometimes a problem (Section 13.2) in vacuum-tube 
circuits, but is greatly reduced in thyratron or transistor circuits. 

No one driver circuit can be selected as the most effective. The 
choice depends upon the specifications and system requirements. 
Nach of the circuits described has been used successfully in one or more 
systems now in operation. At present, the emphasis is upon transistor 
circuitry; although many new and interesting semiconductor devices 
ire becoming available. 
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PMA 
SYSTEMS 
ASPECTS 


13.1 Distributed Effects in Circuits 13.4 System Packaging 
and Rystems 13.5 Typical PMA Applications 
13.2 Special Functions Required in 13.6 Further PMA Development 


System Operation 


13.3 Testing of Components, Cir- 
cuits, and Systems 


There are several factors other than those of detailed circuit and 
logical design which must be considered in the application of PMA 
circuits to systems. The most important of these factors are described 
in this chapter. 


13.1 Distributed Effects in Circuits and Systems 


In building a system of PMA circuits, many problems occur that 
might not appear during analysis of isolated circuits. Such factors as 
distributed capacitance and overloading of drivers can constitute very 
real limitations upon operation, even where individual circuits are 
reliable. 

In general, a chain of core circuits may be treated as a series load on 
a driver. For conventional series loading, the factors generally limit- 
ing the amount of load that can be driven are the power dissipation of 
the driver or the peak voltage that can be supplied; power only becomes 
a limiting factor when relatively large duty ratios are used. . 

Delay-Line Effect. Owing to the bottoming and voltage ratings of 


drivers, the peak output voltage available may set the limit on the 
200 
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load that can be driven; but, as will be shown, this limiting factor is 
not as important when vacuum-tube drivers are used to drive PMA 
loads. If a 100-volt drop from a vacuum-tube driver is available for 
the cores, only 20 to 30 cores can be driven. In practice, however, the 
drop across this “‘maximum”’ load is appreciably less than 100 volts, 
perhaps by a factor of 50 per cent. The difference is due to the delay- 
line action of the distributed inductance and capacitance of the read 
windings. As a result, the rise time of the drive pulse deteriorates as 






Waveform of plate voltage 
at ty time 


fiG, 13.1. Typical PMA loading of read circuit due to capacitance of drive line. 


\t, progresses down the drive line, with consequent delay in the switch- 
ing times of the cores at various locations. The delay means that less 
peak voltage is needed across the drive line, but also means that less 
energy is available to switch cores at the end of the line. Thus, 
incomplete switching may result unless the circuits are designed for 
the range of the rise times that occur. If this range is considered, the 
preceding discussion would seem to indicate that relatively large 
numbers of cores can be driven from a single driver; this is often not 
the case in actual practice, because of the factors to be discussed. 
Stray Capacitance: Loading of Cores during Switching. The 
limiting factor for the number of cores on a drive line is usually not 
the peak voltage drop, unless transistor drivers are used. The limit- 
ing factor is stray capacitance, as is generally the case in pulsed circuits, 
although in PMA systems the effect is not as serious as it is with sys- 
tems using higher impedance circuits. When a drive line is long and 
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the number of turns is high, the line capacitance can become quite 
appreciable since the drive line is coupled with numerous cores, diodes, 
and connectors and passes through cables and switches. Values of 
capacitance in excess of 500 uuf have been measured on typical system 
drive lines. 

One effect of stray capacitance in the drive line is the loading of 
cores during switching times other than when the drive line under 
consideration is being pulsed. When the cores connected to the ¢; 
drive line are written at ¢2 (Fig. 13.1), voltages are developed across 
the ¢, line in such a direction as to charge the stray capacitance C, 
through the forward direction of any diodes (in SW loops or as dis- 
connects) in the ¢; line. (C, is actually distributed among the load 
cores but can be approximated by a lumped capacitance.) The tg 
switching is produced by a driver or by another core, through which 
the remote source is called upon to supply the charging current i, for 
the stray capacitance. Thus, an unpredictable loading effect results 
at time fe. 

The charging current can become quite large. Using realistic 
values, 


50 
1x 10-* 


As can be seen, 7, multiplied by No may be an appreciable added load 
to the source supplying the switching mmf. It would also appear that 
this current might tend to switch the other cores in the ¢, line to unde- 
sired states. Because of the distributed effect of C,, the effect of cur- 
rents through drive windings on other cores in the ¢; line is not appre- 
ciable compared to the effect on cores being written into at t.. From 
eq. 13.1, the factors that can be varied to reduce the charging current 
are C;, AV,, and AT’s. 

The stray capacitance Co can be reduced by employing the careful 
wiring and fabrication techniques usually applied to pulse circuits. 
The value of C’, does not appear to be as much affected by cabling as 
by connectors and switches in the drive lines. Since SW loops carry 
drive current, it is advisable to minimize routing of these loops through 
switches and connectors. Also, a minimum of turns on drive windings 
and input windings of SW loops should be used. 

The quantity AV, can be decreased in several ways. The first and 
most obvious method is to divide the load among several drivers, 
thereby also reducing C,. For example, an additional driver might 
reduce the charging current per line by a factor of 4, since C, and AV, 
might be half the values for a single driver. With SD loops, con- 


i, = C;, 





AV, 
AT. = (100 x 10-) ( ) =5ma_ (13.1) 
8 
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siderable reduction in load can be achieved by increasing the drive 
current, thereby decreasing No. 

An effective way of reducing AV, is to apply a cancellation voltage 
(Fig. 13.2). A pulse transformer or a square-loop magnetic core 7'1 
may be inserted to produce a voltage opposite to AV, at t2. A pulse 
transformer is usually the more effective device since the amplitude 





"iG, 13.2. Typical PMA circuit, showing use of pulse transformer to produce 
fancollation voltage. 


and duration of the cancellation voltage can then be conveniently 
oontrolled over wider ranges by adjusting turns; a square-loop core is 
limited to relatively short-duration pulses with amplitudes varying 
appreciably with switching time. The feasible magnitude of cancella- 
(ion voltage is limited, however, because the drop across the trans- 
former (or core) at ¢, subtracts from the amount available for the 
romainder of the load. In a complex system, switching of the cores 
i the ¢; line may occur at several times in addition to t2; thus, several 


- windings or pulse transformers may be necessary. The most suitable 
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application of the pulse-transformer technique is in situations in which 
only two clock times are used, such as in a two-core-per-bit shift 
register. It has been necessary to resort to this technique in only 
a relatively few cases. 

The quantity A7’s can be increased by increasing the switching times 
of the cores, but the use of long switching times causes a great variation 
in the operation of the circuits, because of the low slope of the switch- 
ing time curves close to threshold. The switching time should be 
increased only as much as good magnetic circuit design practice 
dictates. 

Stray Capacitance: Ring-Back. The second adverse effect of stray 
capacitance is the tendency to produce ring-back. After switching 


of the load cores at te (Fig. 13.1), the stray capacitance tends to dis- — 


charge in the direction opposite to the charge path through the ¢, line. 
Assuming that series diodes are not used, the discharge or ring-back 
then tends to switch the cores to the state opposite from that to which 
the ¢; pulse normally switches the cores. Usually this opposite state 
is the ONE state. The effect is generally more noticeable at higher 
values of drive current and is manifested by the appearance of spurious 
ONEs in the system. 

Ring-back can be minimized by placing diodes in series with the 
drive line so that the discharge path of C, is disconnected. In gen- 
eral, the diode location that best limits the discharge of the stray 
capacitance is the a-c ground end of the line (Fig. 13.1). The diodes of 
SW loops may be satisfactory, if these loops are favorably located in 
the system. Similarly, if disconnect diodes are used, more than one 
may be necessary, since the discharge of the stray capacitance, being 
distributed, may follow more than one path to ground. 

Ring-back may also occur after the termination of the ¢; pulse. At 
that time, the stray capacitance discharges through the load in the 
same direction as the previous drive current. No harm is caused by 
this direction of discharge, but, because of load inductance, the dis- 
charge may overshoot and charge the capacitance in the opposite 
direction; this process continues, producing a damped oscillation, 
During the second discharge, the current is in the direction tending to 
switch the cores. A disconnect diode can be used to inhibit this dis- 
charge, but the effectiveness of this diode is reduced since time is 
required for the diode to recover from the high forward current, 
Fortunately, this type of ring-back usually causes much less difficulty 
than that caused by loading at drive times other than that of the line 
in which the diodes are placed. The effect, if severe, may be reduced 
by lengthening the fall time of the drive current. f 
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A test pattern that has been found useful in examining system noise 
is the following: a series of oNES terminated by a zERO is repeatedly 
inserted in cores being driven by a particular line; the system is then 
Xxamined at upper and lower current limits for either the loss of the 
#wRo or the occurrence of partial ONEs. 


13.2 Special Functions Required in System Operation 


A number of special functions are required in PMA system design, 
nd frequently are not given proper attention. These functions 
include the use of special core windings, grounding of SD loops, switch- 
ing transfer loop interconnections during operation, and preventing 
(he partial firing of current drivers. 

Design and Use of Special Windings. Special windings are often 
included on PMA cores. The design and use of these windings often 
present special problems. Such special windings include viewing 
windings and preset windings. 

Viewing windings are usually placed on cores to permit observation of 
(he operation of PMA circuits as indicated by the switching character- 
intics of the cores; voltage waveforms may be observed directly, or an 
integrating circuit may be provided for the observation of flux. One- 
(urn viewing windings have been found effective in circuits using Bur- 
roughs type 231-002 magnetic cores (Appendix), if a ground separated 
from the system ground is used. If this grounding method is not pos- 
alble, or is otherwise undesirable, multiturn viewing windings may be 
required. Viewing windings are usually a desirable feature; the 
allernative method of viewing across windings associated with transfer 
loops does not always give a clear presentation of circuit operation, 
hwenuse noise pulses are introduced by other cores in the transfer 


wirouit. If only SW loops are connected to a particular core, a separate 
viewing winding is indicated, since a winding that carries the drive 
#urrent has no direct reference to ground. If cores having several 


(lilferent numbers of wraps are used in a system, it is desirable to vary 
(he number of turns in the viewing windings so that flux-turns are a 
“onstant, thereby making the amplitude of the integrated voltage a 
‘onstant for complete switching of all cores. 

I, is possible to combine both viewing and preset functions by using 
hoth ends of a one-turn preset winding as viewing points. A charged 
#ipacitor is usually used as a current source. 

In the most effective arrangement, a preset winding passes through 
idjacent cores. If an isolated core is present and is coupled by 


‘tyanafer loops to non-preset cores, it is possible that spurious informa- 
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tion will be introduced into the adjacent cores. Consequently, it is — 
desirable to preset all cores simultaneously, which is most conveniently 
accomplished by a single circuit of windings. Parallel presets are 
used when preset data are required to be variable. With parallel 
presets, a large resistor must be placed in each line to ensure equal 
current distribution. 

Unless good switches and connectors are used and seated properly, — 
some of the energy stored in the preset capacitor source may be lost — 
owing to improper contact, including bounce. Thus, the preset — 
circuit should be conservatively designed, and in some cases it may 
even be necessary to employ parallel contacts, although properly 
assembled wafer switches have been found to be relatively bounce-free. 

Grounding SD Loops. Experience has shown that grounding SD 
loops causes no apparent difficulty, and is, in fact, recommended in 
order to reduce interconnections... However, transfer currents in SD _ 
loops can be quite high, and a number of such loops connected to a 
common ground may result in peak currents of several amperes. As 
has been previously recommended, the ground for viewing should be 
isolated from the system ground, particularly if the voltage viewed is 
small. 

Switching Transfer Loops during Operation. It is sometimes neces 
sary to switch an SD loop from one receiving core to another while the 
equipment is running. Make-before-break contacts should be p 
vided, and unused loops should not be left open. These precautio: 
are taken to ensure that the A cores are always read loaded, thereb 
preventing excessively fast switching times which might cause hi 
inverse noise to be transferred back through SD loops transferring in 
the A core. The SW loops are almost never switched; too ma 
connections are involved, and, particularly, it is inadvisable to swi 
the driver circuit. 

Provision must also be made in the logical design to prevent t 
possible loss of data during the switching interval. Loss of ener 
transfer can be caused by the use of break-before-make contac 
spurious data transfers may be caused by the use of make-befo 
break contacts. In certain digital systems it is not harmful to have 
error introduced during manual operations if such an error is eventually: 
self-cleared and does not disturb the over-all control timing. 

Partial Firing of Current Drivers. One problem which has been 
found to be of importance in magnetic core systems is the so-ce 
knife-edge or asynchronous-to-synchronous problem (Section 11,1) 
Partial firing of drivers may result unless the type of driver emplo 
has characteristics similar to those of the thyratron, which most ch 
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approximates the ideal knife-edge (go-no-go) driver; most other 
so-called bistable circuits usually have some threshold region in which 
partial output pulses can be produced. These partial pulses can cause 
incomplete switching of associated cores. The only recourse against 
this partial switching is to design either the core circuits on the driver 
line or the drivers themselves in such a way that partial pulses produce 
less than threshold mmf through the windings. 

Partial pulses can be introduced either by closing a switch during a 
synchronous pulse, or by synchronous pulses switching a coreduring the 
(ransition period of an asynchronous signal applied to the same core. 
In either case the design problem is the same. There are many logic 
dircuits for sensing asynchronous pulses, but in many cases a driver is 
involved somewhere along the line. 


13.3 Testing of Components, Circuits, and Systems 


Some of the basic considerations in testing cores, core assemblies, 
dircuits, and systems must be discussed. In general, testing tech- 
niques and procedures depend upon the application, but there are 
some considerations which apply for any system. The tests described 
woncern first the basic core and wound core assemblies, then basic 
MA circuits, and finally, complete PMA systems. 

Cores and Core Assemblies. The parameters of importance in the 
lonting of cores for use in PMA circuits are switching flux s, switch- 
\ng time 7's, and some measure of the d-c threshold mmf F'p (Appendix). 
Initially, s and 7's are measured for various values of applied:mmf, 
and design curves showing statistical variations of these parameters 
aro plotted, as an aid in determining design tolerances. Minimum 
vilues of noise threshold mmf Fy, which is related to Fp, are also 
(lotermined statistically. Experience has shown that when manu- 
facturing and design tolerances are established, production testing of 
#ores need only be at one or two values of applied mmf. 

'l'ypical test setups include sources for variable amplitude, bidirec- 
(ional pulses, a fixture for holding the cores and for attaching inputs 
ind outputs to the core, an integrator, and an oscilloscope. Accurate 
(lo sources can be used for current calibration and a calibrating wave- 
form can serve as an input for calibrating the integrator. Switching 
waveforms and switching time (determined by either the flux or voltage 
inethod) are discussed in Chapter 4. . A typical method of obtaining a 
mensure of Fp is to observe the value of mmf which produces a flux 
thange of from 10 to 15 per cent gs for a driver duration typical of the 


‘wuximum of the system. The duration of the mmf pulse should be 
































208 Digital Applications of Magnetic Devices 


appreciably longer than the final system driver pulse duration. To 
avoid unnecessary data conversion, the rise times of the drivers used 
in these measurements should be negligible when compared with the 
observed switching times. 

Additional tests performed on packaged cores include a recheck of 
the switching parameters to observe any change caused by handling or 
potting, a high-voltage insulation breakdown test between windings, 
and a turns check. A typical turns checker applies a switching pulse 
input to one of the windings on a given core and compares the differ- 
ence between the signals observed on a known winding (usually one — 
turn) on the core and an unknown winding on the same core. A set 
of decade resistance dividers is used to produce a null in the difference 
between the two signals, and the turns are read directly on the decade 
switches. 

Circuits. Individual circuits are usually tested to check new designs 
for a particular system. In general, sufficient correlation has been 
obtained between design and actual circuit performance to preclude 
the necessity for extensive testing of all basic circuits under all con- 
ditions. When tests are made, it is desirable to obtain worst-case 
components. Flux and voltage waveforms are then observed at the 
extremes of pulse input parameter variation to determine such factors 
as completeness of switching, inverse noise, forward noise, peak volt= 
age drops across drive lines, fastest and slowest switching times, and 
back-loop loading effects. The most important tests made are thoi 
concerned with noise, since this area of design is not as straightforwa 
as that for complete switching. Noise tests should be guided b 
consideration of the worst possible noise conditions obtained fro 
the system, such as the maximum number of zERo transfers that ca: 
occur, the maximum number of cores ored together in a simultaneou 
transfer, or the possible occurrence of unloaded reads. 

Systems. Testing of PMA systems is usually complicated by t 
fact that such systems are dynamic—the state of the system can 
observed only under pulsed conditions—and also by the fact that t 
circuit loops are physically serial in nature. In most vacuum-tube oF 
transistor systems, the state of the circuits and logic elements can 
read statically as d-c voltages, and connections between circuits an 
logic elements are usually parallel in nature, facilitating the isolation 
of the point of failure. However, extreme reliability tends to minimi 
the necessity for troubleshooting PMA systems, and when experien 
is gained in the techniques involved, no unusual difficulties are met 
training personnel to debug, maintain, and troubleshoot compl 
magnetic systems. 
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Many tests are peculiar to one system, but some techniques are of 
general interest. Considerable information can be obtained by 
observing flux and voltage waveforms on suspect circuits. The flux 
waveforms are usually observed to detect the presence or absence of 
predicted pulse patterns. Where these patterns are absent or indicate 
partial switching, investigation of the voltage waveforms and/or 
circuit continuity usually proves worthwhile. Very fast read wave- 
forms of a core supposedly connected to a load indicate an open circuit, 
ind extreme tailout times indicate additional loads or short circuits on 
the observed core. When the trouble area has been located, continuity 
checks with an ohmmeter or replacement of components usually 
uncover or correct the cause of difficulties. Care should be taken in 
observing loops to eliminate sneak paths when using the ohmmeter. 

Marginal checking by varying the driver pulse current amplitude is 
useful in initial system debugging for eliminating design deficiencies 
and faulty components. However, when a design has been proved, 
marginal checking of core circuits is of little value; the prime purpose 
of the technique is the replacement of marginal drivers (particularly if 
vacuum-tube circuits are used). 

Much ean be accomplished by anticipating testing requirements 
(luring the design of asystem. For example, the operation and testing 
of some circuits might actually be simplified by the addition of a small 
timber of cores, and provisions such as placing continuous ONES or 
other known patterns into shift registers or recirculating registers 
greatly facilitate debugging and troubleshooting. Standardization of 
wireuits, logic configurations, and, particularly, multicore plug-in 
nits imply facilitation of debugging and troubleshooting, although 
wwually at a cost to over-all efficiency. Predicted patterns for all 
wireuits should either be worked out in advance or copied from a 
proved system for future reference, and it may also be advisable to 

“ither predict or simulate common faults and record the patterns that 
oeour, for use in future troubleshooting. 


19.4 System Packaging 


Hecause the mounting and interconnecting of magnetic cores are 
jwcossarily quite different from those of other basic circuit com- 
ponents, a great many novel packaging techniques have been developed 
for systems employing PMA circuitry. Some sort of multiple mag- 
Htic-core plug-in package is used as the basic subassembly or package 
ii most of the PMA systems that have been fabricated or are under 


tlevelopment. The number of cores in a package depends upon the 
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logic of the system being considered, the choice of connectors, the space 
available, and the fabrication techniques being used. From a system 
standpoint, the subassembly should be as much a logical entity as pos- 
sible to simplify testing and interconnections to other subassemblies. — 
From a circuit standpoint, also, the division into subassemblies should 
avoid putting breaks in SW loops. 

An area that can facilitate fabrication and maintenance is the 
standardization of core types. The first step in this direction is the 
reduction of the number of different transfer loop designs used. In 
one system, where SD loops were used throughout, only a single core 
package type was required. Reduction in core package types, how- 
ever, also implies an increase in the total number of cores. ; 

Although in some earlier techniques cores were wound on the ter- 
minal board and become integral parts of the board, fabrication is - 
facilitated and testing and maintenance simplified if the cores are 
wound separately to constitute plug-in assemblies for a multicore 
assembly. Machines are available for automatically winding and 
terminating the cores. Use of stainless steel rather than ceramic bob= 
bins usually increases the effective core hole size, which facilitates both 
the fabrication of the core itself and the machine winding operation. 


13.5 Typical PMA Applications 


Operating PMA shift registers were developed as early as 1948) 
thus, PMA circuits are historically one of the oldest digital magne 
techniques. Complete data-processing systems using parallel-pu 
magnetic techniques have been used in the field, by the military, sine 
1954. Many of the applications are classified; however, it is no 
the purpose of this book to discuss details of system operation, but to 
indicate typical areas in which techniques can be applied. Described 
below are a few of the many applications in which PMA circuits forn 
a major part of a digital system; all were developed at the Burrough 
Research Center. 

Digital Communications System. A special-purpose digital com 
munications and data-processing equipment has been operating im 
multiple copies in military field environments for several years. Th 
system contains over 800 cores and approximately 50 vacuum-tube 
driver circuits; it occupies slightly more than one-half of a standard 
relay rack; most of the space in the rack and most of the 1-kw a-c inpt 
power are required for the special-purpose vacuum-tube circuits need: 
to provide compatibility with input and output circuits. Alth 
the cores switch in the range of 5 to 20 us, operating frequencies rang 
from fractions of a second up to about 10 ke. In systems on which lift 
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data are available, down times (including start-up and preventive 
maintenance) of from 0.1 to 1.5 per cent have been observed while 
operating on a continuous basis for more than two years. 

Shift Registers. Magnetic shift registers are often used as buffers in 
computers employing primarily nonmagnetic circuits. Typical of 
such applications are the registers of a large-scale vacuum-tube 
computer in use in the SAGE system. Here approximately 250 cores 
and 10 drivers constitute each of the registers used for buffering the 
input to a portion of the system and for buffering the output to tele- 
phone lines. Shift rates are approximately 20 kc. 

Control Device. This device, developed for use under severe envi- 
ronmental conditions, contains over 250 cores, 10 transistor drivers, 
and 6 transistorized input-output circuits in a volume of less than 
200 in.? The device requires less than 25 mw of power from a d-c 
battery source. The device is used to sense the occurrence of a speci- 
fied combination and sequence of various input events, and, by the use 
of variable preset counters, to actuate outputs. Only SD loops are 
used, so that high current pulses can be used to minimize drive-line 
voltage drops and thus also minimize the number of drivers. 


13.6 Further PMA Development 


Since the development of magnetic cores generally preceded that of 
(ransistors, PMA circuits were among the first solid-state techniques 
\wwed in digital systems. PMA techniques seem to be most applicable 
to systems that require a great deal of serial operation, shifting and 
ounting, and operating rates generally below 100 ke. At higher 
rates, drive requirements and noise considerations become quite 
hovere. 

It is anticipated that the PMA technique will continue to find appli- 
(ation in digital systems because of certain inherent qualities, such as 
vompatibility with diverse input-output signal levels, demonstrated 
(apability of operation under adverse environment conditions of 
temperature, shock, radiation, long shelf life, low average power con- 
sumption, and zero stand-by power consumption. Above all, the 
I'MA circuit is one of the few solid-state techniques which has actually 
(lomonstrated over a period of years extreme reliability in the field. 
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DELAY 
PARALLEL 
MAGNETIC 
PULSE 
AMPLIFIERS 


Part III, which consists of Chap- 
ters 14 and 15, describes design pro- 
cedures and representative digital 
applications of a class of core-diode 
circuits known as delay parallel 
magnetic pulse amplifiers (delay 
PMAs). The delay PMA differs 
principally from the PMA of Part II 
in that only a single clock phase is 
required to complete a cycle of 
operation. For this reason, the cir- 
cuits are frequently described as sin- 
gle-phase core-diode circuits. The 
basic element includes a delay net- 
work which provides temporary 
storage between the read and write 
portions of the operating cycle. 
For convenience, the discussion in 
Part III is frequently related to 
similar material in Part IT. 

The circuits described have been 
developed and applied to a num- 
ber of data-processing applications. 
The description is based upon the 
experience of DI/AN Controls, Inc. 
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SYMBOLS USED IN 


a,b,--: Specific logic 
variables 

A Transmitting 
core 

A, B,++- Specific stages 
Borrow 

bp Partial borrow 

B Receiving core 

c Carry 

Cp Partial carry 

Cc Capacitor 
capacitance 

Cc Core following 
receiving core 

CRN, CRP Diodes for 


alternate stages, 
two-way circuits 
CRT Transfer drive 
winding diode 
Other specific 
diodes 
Corresponding 
specific diodes, 
adjacent loops 
C1, C2,--- Specific 
capacitors 
Ci, Co, + + - Specific 
: capacitances 
d. Difference 
dy Partial 
; difference 
DN, DP Delay networks 
for alternate 
stages, two-way 
circuits 
F Mmf 
Fa Total applied 
mmf, transmit- 
ting core 
Fg Total applied 
“ mmf, receiving 
core 


CRi, CR2, +> - 


CRIA, CRIB, - - - 
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PART Ill 


Iwo 


Io 
Ion, Iop 


LA, L2, - 
Ii, Lo, y 
n 

NB 

NC 

NT 


NO 


NON, N1P, - - - 


N1 


D-c threshold 
mmf 

Switching mmf 
Projected 
threshold mmf 
Charge-turns 
Write current 
Capacitor 
charging 
current 
Back-loop 
loading current 
Load current 
Current into 
delay network 
exclusive of 
capacitor 
Write output 
current 

Read current 
Read currents, 
two-way 
circuits 
Inductor, 
inductance 
Specific 
inductors 
Specific 
inductances 
Integer 

Base winding 
Collector 
winding 
Transfer drive 
winding 

Read winding 
Specific nega- 
tive and posi- 
tive windings, 
two-way circuits 
Output winding 
Input winding 


tn 


I's 





Turns values, 
specific wind- 
ings 

Resistor, 
resistance 
Network 
resistance 

Sum 

Partial sum 
Instantaneous 
time, time 
duration 
Specific instants 
Switching time, 
transmitting ' 
core 

Switching time, 
receiving core 
Switching time: 
Bias voltage} 
Capacitor 
voltage 
Collector supply 
voltage 

Average forward 
diode voltage 
Write output 
voltage 


Zn 


$, ® 


Pa 


bz 
PR 


&g 


~ 


Core preceding 
transmitting 
core 

Delay network 
output 
impedance 
Transistor 
common-base 
large-signal 
current gain 
Transistor 
common- 
emitter large- 
signal current 
gain 
Instantaneous 
and constant 
flux 

Switching flux, 
transmitting 
core 

Switching flux, 
receiving core 
Remanent flux 
difference 
Switching flux 
oR (logic) 

nor (logic) 
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DELAY 
PMA 
CIRCUIT 
DESIGN 


14,1 Delay PMA Form and Opera- 14.5 Current Drivers 

tion 14.6 Input-Disconnect Circuits 
14,2. Design Considerations 14.7 Two-Way Circuits 
14,3 Design Procedure 14.8 Delay TMA Regenerative 
14.4 Delay Network Design Circuit 


This chapter introduces a class of core-diode circuits known as 
ilelay parallel magnetic pulse amplifiers (delay PMAs). Delay PMAs 
vo similar in many respects to the PMAs of Part II, differing prin- 
vipally in that adjacent delay PMAs may be read simultaneously, 
rather than in successive clock phases. By adding a delay network to 
tho transfer loop, a bit of data can be read from the transmitting 
wore at the same time that a second bit of data is being read from the 
foceiving core; the data from the transmitting core does not reach the 
faceiving core until after read is completed. Thus, in a system, all 
(ores Can contain data, and all cores can be read at once by a single, 
vommon phase of the clock. Because of these characteristics, delay 
I'MAs are also known as single-phase or one-core-per-bit circutts. 
‘I'he delay PMAs use fewer cores than the PMAs of Part II in applica- 
tions where data storage is the main requirement, but may use more 
parts (because of the delay networks) in applications calling for exten- 
sive data manipulation. 

lor convenience, much of the terminology of Part ITI is used in this 
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part. Chapter 8, therefore, as well as the basic material of Part I, 
is prerequisite to a proper understanding of this part. 


14.1 Delay PMA Form and Operation 


- In delay PMA circuits, all cores are usually read at once. Magnetic 

cores cannot be written into and read simultaneously. A temporary 
storage is therefore provided for data sensed from a core so that writ- 
ing the data into the succeeding core can be delayed until the suc- 
ceeding core has been cleared by the read action. Each delay PMA 
thus consists of a square-loop core with an input winding N2, an output 
winding N1, and a read winding NO. An associated delay network is 
connected to the output winding and provides the temporary storage. 
The output terminals of the delay network are connected to the input 
winding of the next core. Three such circuits are shown in Fig. 14.1. 
A transmitting core, its windings, a diode, and the associated delay 
network are termed jointly a delay PMA. Cores are connected one 
to the next by transfer loops. 

The simplest delay networks consist of passive components (R, 
L, and C). More complex delay networks are described in Sections 
14.6 and 14.8. When a voltage pulse is applied, at read time, to the 
input of the delay network, a pulse of current flows through the load 
connected to the output of the delay network at a later time (but before 
the next read is attempted). The load is the input winding of the 
succeeding core. A diode is also associated with the input to each 
delay network, so that only core switching waveforms of the polarity 
produced by read are applied to the delay network. 

Read is accomplished by a current pulse (the drive pulse) in the 
drive winding, which is in series with other drive windings. The drive 
pulse also serves as a clock. Read leaves all cores in the clear state 
(conventionally the zero state, in delay PMA circuits). Energy is 
delivered to the delay network by the voltage produced by the switch- 
ing of a core in which a one is stored. Read thus transfers a bit from 
the core to the delay network connected to its output winding. In 
some cases, there may also be loads other than the delay network. 
Write oNE in the succeeding core is accomplished by the delayed out- 
put current produced from this energy, write zERo by an absence of 
such output current. Since the receiving core, during write, switches 
in the direction opposite to that of switching in the subsequent read, 
the diode on its output winding, which conducts during read, is cut off 
during write. Thus, write switching is not loaded by succeeding delay 
networks. 


Delay PMA Circuit Design 


Delay PMA stage 
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Transfer loop 


ZA (back loop) 





Basic delay PMA transfer loops connected in series. 


FIG. 14.1. 
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14.2 Design Considerations 


As in the PMAs of Part II, the basic function to be performed is the 
transfer of data from one core to the next. Data transfer is the process 
by which the receiving core is made to assume a state, ZERO or ONE, 
determined by the state of the transmitting core. Since, during ZERO 
transfer, no cores switch and no current flows, attention is concentrated 
mainly on the transfer of ONEs. 

Performance Characteristics. Factors influencing delay PMA cir- 
cuit performance include write current delay, impedance seen by the 
output winding, and the signal-to-noise ratio (or ratio of ONE output to 
ZERO output). 

To be efficient, write current should be delayed until read is com- 
pleted. The mmf supplied by the drive line far exceeds the write 
mmf, and thus prevents writing until the read pulse iscompleted. The 
portion of the write pulse occurring during read time is therefore 
wasted. The requirement is made even more stringent because the 
slowest core in the register must be fully cleared during read for the 
subsequent write. Asa result, the read current usually is considerably 
longer than the switching time of most cores. 

The delay network and the output load, if any, should be the only 
loads receiving a major share of energy during read. Other loads 
either should be disconnected or should present relatively high imped- 
ances to prevent the absorption of power. The delay networks, then, 
must present a low impedance only to the output windings; they 
should also present a high impedance to the input windings of the 
transmitting core during read, and to the output winding of the receiv- 
ing core during write, to prevent loss of energy. 

Forward noise produced when a ZERO is transferred (because of non- 
squareness) is attenuated both by the nonlinearity of the diode and 
by the threshold mmf of the receiving core. Designs which produce 
large voltages and currents for a ONE output also produce proportion- 
ally large zERO outputs, which may exceed the thresholds and switch 
flux spuriously in the receiving core (forward noise). Thus, signal-to- 
noise considerations limit the switching speed with which a delay PMA 
can operate. , 

Core Characteristics. The performance of the delay PMA circuit 
is strongly dependent upon the characteristics of the magnetic core 
employed, such as switching threshold mmf Fp, switching flux 5, 
switching time 7's, and the slopes on the hysteresis loop (d¢/dF) at 
zero mmf and at peak mmf. Other core characteristics which influ- 
ence the design are temperature coefficients, physical size and shape 
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(insofar as the number of turns in the windings are thereby limited), 
and variations from core to core. Information on core characteristics 
is contained in the d-c hysteresis loop (one half shown in Fig. 14.2) 
and the plot of the product of mmf and switching time versus switch- 
ing time (Gr versus 7's plot, Fig. 14.3). The d-c hysteresis loop shows 
directly Fp, @s, and various slopes of d¢/dF. The total charge- 
turns plot shows the dependence of Gr upon 7's. The data obtained 
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FIG. 14.2. Part of d-c hysteresis loop for square-loop core. 


Total Charge-Turns Gp 


Switching Time T, 
FIG. 14.3. Total charge-turns plot. 


from the plots are used in the design procedure for determining current 
tolerances and circuit constants. 

The quantity Gr (measured in ampere-turn-microseconds or micro- 
voulomb-turns) is the product of the applied mmf and the switching 
time of an unloaded core. The current necessary to switch a core in a 
xiven time can be determined from the plot. The charge required from 
the driving current pulse has a minimum at a very short switching 
time, The required charge becomes infinite as the driving mmf drops 
to the threshold mmf of the core. The charge may also rise when the 
awitching time is made extremely short. 
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14.3 Design Procedure 


The delay PMA transfer loop presents a complex design problem, as 
an accurate analytical solution has not been formulated. Both the 
magnetic core and the diode have nonlinear characteristics. While 
acceptable approximate solutions for particular design applications 
have been developed, the treatment presented below consists of linear 
approximations which are adequate for practical circuit design. The 
design procedure described is directly applicable where data is trans- 
ferred from one transmitting core to just one receiving core, as in a 
simple shift register. 

Initial Assumptions. For convenience, the design is initiated by 
arbitrarily choosing certain parameters. The results of proceeding 
through the design steps then allow better initial choices in a second 
attempt, if the first attempt is not satisfactory. The parameters to 
be chosen are the rate of operation, the core type, the voltage appear- 
ing on the output winding during read, the switching times, and the 
impedance loading the output voltage. 


In selecting an operating rate, it should be noted that as the rate of 


operation is increased, the required power is greater and the circuit 


efficiency is lower. Above some limit, transfer loop design becomes — 


impractical. For example, a core of 1-mil 50-50 nickel-iron tape can 
switch at up to 80 ke, but for the same core in the delay PMA applica- 
tion 40 ke is a practical limit. With a core of 3-mil Molybdenum 
Permalloy tape, it is possible to design a shift register operating at a 


I-me rate or faster, but for reasonable efficiency 500 ke is a practical - 


limit. Square-loop ferrite materials are also suitable for delay PMAs. 
The inherently fast switching time of high-F'p material permits high 


repetition rates. However, such rates cause large heat losses in the 


material. Thus, the resulting wide temperature range over which 
the ferrite core must operate makes circuit design difficult for high- 
speed circuits. Low-speed circuits can be readily designed up to 
about 100 ke, but these circuits require a high power level if the usual 
high-F py ferrite material is used. Restricted shift registers, carrying & 
limited number of onxs per unit time, may be designed to operate at 
up to 1 me. 

Choice of the core size for delay PMA circuits is similar to the choice 
of core size for any transformer; copper may be traded for magneti¢ 
material. However, if a small amount of magnetism is chosen, the air 
flux becomes an appreciable fraction of the total flux, and large 2pRO 
outputs result. If too much metal is chosen, the losses, especially 
during write, raise the power requirements. Core material also must 
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be considered, especially for projected threshold mmf /') and square- 
ness. Lower threshold mmf permits a design of greater efficiency, 
because core losses are lower during read and energy requirements are 
lower for the subsequent write, but will require longer 7's to keep noise 
down. Core type is also affected by the necessity for allowing winding 
space in the aperture of the core. 

The range of switching time 7's during read for efficient circuit opera- 
tion varies for different core materials. Typically, 7's is from 5 to 
25 us for a 1-mil 50-50 nickel-iron material, from 1 to 5 us for a + or 
4-mil Molybdenum Permalloy material, and below 1 us for high-F'p 
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load 
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FIG. 14.4. Transfer loop. 


ferrite material. The switching time selected should be inversely 
proportional to the operating rate. In practice, T's should be much 
shorter than the total transfer period 7 (Fig. 14.4), and in no case 
longer than $7. On the other hand, a short switching time is attend- 
ant with a large peak drive power, and with more forward noise. 

A low input impedance for the delay network is desirable, so that 
ihe network can receive and store sufficient energy for the subsequent 
write when ONEs are read. - Consequently, the bulk of the input admit- 
(ance at the delay network must consist of an input capacitor which is 
charged by the read onE output pulse. The capacitor voltage at the 
ond of read is also arbitrarily set at the beginning of the design pro- 
vodure, and for a given network it fixes the amplitude of the write cur- 
ront supplied to the succeeding delay PMA. An optimum switching 
(ime and input admittance may conceivably be found by analytical 
means, but this procedure involves solving a set of complex equations, 
and is to be avoided. 

Windings. The number of turns for the output winding N1 and the 
jnput winding N2 are first determined (with reference to Vig. 14.5). 
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For convenience, switching flux $s, switching time 7's, and total applied 
mmf for A and B cores in a transfer loop are indicated as ®4, ®g, Ta, 
Ts, Fa, and Fs. The output winding is calculated from 


os (Ve + Vo)Ta 


N 
1 Ly 


(14.1) 
where JV, is the voltage to which the capacitor charges, Vp is the diode 
voltage drop, and 7’, is the read switching time of the transmitting 
core. In eq. 14.1, the output voltage to the capacitor is assumed con- 
stant and equal to the average value. The average output voltage of 
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FIG. 14.5. Input current waveforms. 


the core, rather than an estimated peak voltage, is used to ensure 
margin, as it is difficult to predict the amount by which the peak volt- 
age exceeds the average voltage. The case in which a core switches 
with capacitive load is discussed in Section 5.3. 

The number of turns in the N2 winding of the receiving core can 
also be calculated, since the amplitude and shape of the write current J 
are known from the output voltage and the chosen delay network, 
The initial portion of the write mmf is rendered inoperative by the last 
part of the drive current. The remaining portion, however, must be 
sufficient to completely switch the core. Thus, Ne is given by 


[io Nor at = [Fe dt > Gr (14.2) 


where Fz is the switching mmf for the receiving core, and Gy is the 
product of switching time and mmf for 7's = tz — t; (where 1’, is the 
switching time for the receiving core). The write current J is that 
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which is calculated for a short-circuit load. It has been assumed for 
eq. 14.2 that the voltage at N2 is small enough so as not to affect the 
current. It is required that ¢; and f2 enclose only that time for which 
F's is less than the projected threshold mmf Fo, and that t; occurs at or 
after the end of the drive pulse. Equation 14.2 applies only when no 
loads appear on any of the windings during write, which is true in the 
case of a simple shift register. 

Drive Mmf. The switching mmf for the transmitting core is given by 


Fa=> (14.3) 


‘The value of read winding NO can be calculated from 
Fa = Nolo — NiUle + Ip + Ti) — Nols (14.4) 


Where Jo is read current, J, is capacitor loading current (1, ~ CV,/T7's), 
/, is current supplied to the rest of the delay network, J; is optional 
load current, if any, and J; is back-loop loading current. The back- 
loop loading current is given by 


1-@®) us 


where Z,, is the output impedance of the delay network. To maintain 
low driving power and good efficiency, J, and especially J; should be 
iminimized. This can be accomplished by making the output imped- 
ance Z, high. If the safety margin for write operation is excessive 
(oq. 14.2), Z, will be high, and an undesirable increase in J; will result. 

quation 14.4 is incomplete. For example, in a shift register, data 
are transferred in a single line through a set of delay PMAs. For 
vonvenience, the transmitting and receiving cores are labeled core A 
and core B, respectively; the core following core B is core C; and the 
wore before core A is core Z (Fig. 14.1). Equation 14.4 holds only for 
(he case in which both core Z and core B are initially in the zERo state. 
If core Z, as well as core A, is in the ONE state, write current J is 
received from the delay network of core Z in the direction to oppose 
road, which must be added to the third term of the right-hand side of 
the equation. For a given design and drive current amplitude, the 
value of F4 is somewhat smaller than that given by eq. 14.4. The 
7', of eq. 14.3 is consequently longer, and the output voltage in eq. 
14,1 is smaller, which is undesirable. To minimize this effect, J 
should be made small during the read switching time. This condition 
(an be achieved in the delay network design. 

If core B is in the onn state, the second term on the right-hand side of 


| Yr 
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eq. 14.4 is increased. The back-loop loading current J;, derived from 
the switching of core B, is attenuated by the network and increases the 
term J, acting on the N1 winding of core A. This action, called 
inverse noise, has a similar effect on F4 and the output voltage, as 
does the output voltage produced by switching core C from the onE 
state. However, this effect (which is less significant for a slower read 
switching time) is minimized by diminishing Jy, and by increasing Zn 
of the network, or by diminishing the input winding value N2. If 
pressed too far, however, these measures make write more difficult and 
more precarious. Every design must contain a reasonable balance 
between read and write margins. When the operating margin of one 
is increased, the operating margin of the other tends to be decreased. 

Read one is most critical when core Z and core B are both in the 
ONE state. Both the J, and J; terms have unfavorable effects. For 
this case, F'4 is the smallest, the switching time T4 the longest, and the 
output voltage the smallest. The equation to replace 14.4 is 


Fa = Nolo — Nile + Iv + Ii) — Noy + 1) (14.6) 


where J, includes the current provided by the switching of core B 
from onE to zERo. A lower limit on drive current duration is enforced 
by this case (a ONE between two ongs) ; with the longest switching time, 
the core is not fully cleared by a drive current which is too short. This 
case also results in the lowest output voltages, thereby placing a lower 
limit on drive current amplitude as well as on duration. Lower out- 
put voltage does not affect the clearing of core A, but provides a 
smaller current for write. 

Another effect occurs where oNEs exist in both the A and B cores. 
The voltage developed on the input winding of core B during read 
affects write current from the network of core A. Because the polarity 
of this voltage is such as to accelerate the discharge of capacitor C 
(Fig. 14.4), the resulting write current to this core is less delayed and 
greater in amplitude, initially, and ends sooner. A drive current of 
sufficient duration blocks more of the initial portion of write current, 
causing the remaining portion to be insufficient to fully switch core B. 
This condition sets an upper limit on the duration of the drive current, 

Example of Transfer Loop Operation. These limiting effects are 
strikingly exhibited in recirculating shift registers operating under 
variable drive amplitudes and durations. For example, the condition 
may exist wherein the shift register contains all onus. As the duration 
of the drive pulse is increased slowly from its nominal value, the pattern 
loses a few ONEs in a random fashion, and later in such a way that no 
more neighboring oNEs remain (any two. oNnxs separated by at least 
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one ZERO). Finally, at some duration, the remaining onzs are also 
destroyed because there is not enough write current after the end of 
the drive current to effect a single write. 

As the duration of the drive current pulse is gradually diminished 
from its nominal value, the first effect exhibited is a flux change toward 
the ons state of a zeRo following a group of onEs. This change occurs 
because the cores are not fully cleared. The change does not occur 
for a zERO following an isolated onEr until the drive is somewhat 
shorter, since the read switching time is short. At a certain width, 
this noise abruptly jumps to the onz state, and soon after the entire 
pattern consists only of onzrs. However, these onrs are read from 
partially switched cores only. As pulse duration is further reduced, a 
point is finally reached where the pattern degenerates to all zERos. 

If cores A, B, and C contain onus, it is not always the zmRo being 
transferred into core A (Fig. 14.1) but sometimes the following zERO 
being transferred into core Z that first begins a flux change because of 
inverse noise. The polarity of the inverse noise current (from J,) 
produced by the voltage across the input winding of core A is such 
that the current can flow through the diode to the output winding of 
wore Z. The inverse noise then contributes to spurious switching in 
wore Z. Core A, however, in reading ons, charges the capacitor in its 
delay network, so that no inverse noise current can flow through the 
(liode from core B. 

Because of attenuation in the delay network, inverse noise in normal 
delay PMA operation is seldom the problem that it is in the circuits of 
Part II. Protection against inverse noise current is also realized by 
(he nonlinearity of the series diode. This protection is especially 
offective for a design with low output voltage. Other effects which 


influence shift register operation are described in Sections 14.4 and 
14,5. 


14,4 Delay Network Design 


The role of the delay network as a temporary storage to delay write 
wurrent has been described briefly. It has also been stated (Section 
14,2) that the delay network must present a low impedance to the 
oulput winding and a high impedance to the input winding. These 
requirements dictate the need for a tapered delay line. A plot of the 
(lewired ideal current shape at the output of the delay line is shown in 
Wig. 14,5. The ideal write current starts only after the drive current 
is finished, and stops just before the end of the period, as illustrated 


in the figure. 
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The ideal write current shape (although not possible to duplicate 
with passive elements) can be approximated (Fig. 14.5). Lossless 
types of delay lines cannot be readily used, since such lines must be 
matched, and the core presents a variable impedance. Because of 
the resulting reflections, a current of opposite polarity might occur to 
switch back a portion of the flux, leaving the receiving core only 
partially switched. 

Types of Delay Networks. The type of delay network used (Fig. 
14.6) can vary from a single C-R combination to a single L-C pi-section 
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FIG. 14.6. Types of delay networks. (a) R-C. (b) R-L-C. (c) Pi-section, 
(d) Two-section. 


Fy 


filter, or even to a filter of several such sections. Substantial improve- 
ment can be realized by increasing the delay line from a single section 
to two sections. As more sections are added, less improvement 
in waveform is realized. Thus, it is not practical to utilize more 
than three sections, since any further improvement in operation is 
insignificant. : 
The R-C combination may be chosen for a low-speed, small-size 
shift register. ‘The impedance seen by the output winding is repre- 
sented by capacitor C (Fig. 14.6a). This capacitor is charged through 
a diode during read onE. For a given capacitor voltage V., the output: 
current of the delay network (which is the write current I for the next 
core) is determined in amplitude, shape, and duration by C and R, 
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The delay network then determines the number of turns in the N2 
and N1 windings (eqs. 14.1 and 14.2). 

The delay lines of Fig. 14.6c and d are tapered, with C2, and Lz much 
smaller than C, and Ly, respectively. All of these networks should 
be designed to be nonoscillatory, to prevent reverse output current. 
A reasonably small overshoot can, however, be tolerated. The non- 
oscillatory critical condition for the network of Fig. 14.6b, for example, 
is given by 

R=2VL/C (14.7) 


and the current reaches the maximum value in 2L/R time. 

The value of current calculated as if the load were a short circuit is 
somewhat modified by the impedance of the switching core and later 
by the saturated core. Although the impedance of the input winding 
when the core is saturated is very low and may be omitted, the imped- 
ance during switching can be approximated as a resistance, N?&s/@7, 
and should be considered. 

Diodes. A germanium junction diode is most commonly used 
between the core and the network, because of its speed and high 
vonductivity. Fast recovery is desired, so that the charge is not lost 
from the capacitor when the voltage drops on the output winding. 
he diodes used for high-repetition-rate registers must also exhibit 
fairly fast turn-on characteristics. For high-temperature operation, 
silicon diodes may be used. 


14.5 Current Drivers 


Driving energy for delay PMAs is usually supplied from a current 
source. The driver should have a high impedance during both read 
and write. The impedance must be high during read because the core 
load is quite variable (very low impedance for all zeros, and high for 
all ones), and also during the subsequent write, so that write is not 
louded. Pentode drivers are used as current sources. These drivers 
liwve sufficient power and voltage swing to drive several delay PMA 
vlements and have a naturally high output impedance. Between drive 
pulses, the tubes are cut off; the impedance seen by the read windings 
\a thus very high during write. Vacuum-tube drivers are described in 
more detail in Chapter 12. 

‘Transistors are also excellent as current drivers. However, since 
(he transistor driver power and voltage swing are limited, transistor 
ilvivers are used mainly for registers of small size or low repetition 
rate, 
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The rise time of the drive current pulse is important, since rise time 
determines the amplitude of zero forward noise. A slower rise time 
reduces this noise, but at the same time the one output voltage dimin- 
ishes. A compromise in rise time must therefore be made. 

Additional problems arise when a single driver is used to drive many 
stages in series. Ringing frequently occurs in long drive lines because 
of the inductance of the cores and the distributed capacitance (Fig. 
14.7). At the instant the drive pulse ends, a strong overshoot voltage 
is generated which is proportional to the distributed capacitance. 
As a result, a transient current of opposite polarity may flow through 
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FIG. 147. Capacitance effects in a long drive line. 


the drive winding. The current is at a minimum near the anode, and © 
at a maximum near the ground end of the shift line. This condition 
may cause a partial flux or noise to be written into the cores which have 
drive windings near ground. The effect can be minimized by avoiding 
a sharp fall time on the drive pulse. However, a slow fall time 
diminishes the operating range, since the tail of the drive current 
(which opposes the write operation) becomes longer. A more effective. 
remedy is to insert a diode in the drive line in the vicinity of ground. 
High noise in cores with read windings close to the anode may cause 
trouble in a long register operated by a single driver. This noise is 
due to large voltage swings, and affects the outputs through inter- 
winding capacitance. The noise can be reduced by utilizing sectional 
windings, and by maintaining a low delay network input impedance. 


14.6 Input-Disconnect Circuits 


The delay PMA circuit, using a passive element delay network, has 
several disadvantages. For example, the necessary presence of 
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resistors dissipates power, lowering the circuit efficiency. A loss of 
energy also occurs when the first part of the write current is canceled 
by the last part of the drive pulse. A third energy loss is caused by the 
load of the back loop during read. In addition to the energy losses, 
the repetition rate is limited, since write time is much longer than read 
time. Moreover, interaction between neighboring cores of a register 
causes variable circuit behavior, depending upon the states (ONES or 
zWROS) Of these neighboring cores. 

To overcome these disadvantages, a second diode may be used to 
disconnect the input winding from the network during read. This 


LL xo | CR1 CR2 L <2 CR1CR2 L | ORE ee 
2 * 





FIG. 14.8. Input-disconnect circuit with common return. 


irrangement, called an input-disconnect circuit, reduces the delay net- 
work to a single storage capacitor. 

Operation. In the input-disconnect circuit of Fig. 14.8, the second 
diode CR2 must be biased off by a positive pulse during read. The 
positive pulse can be derived from the same source controlling the 
drive pulse, or from the drive pulse itself. 

During read onz, capacitor C is charged. At the same time, a 
positive bias voltage applied to the cathode of diode CR2 renders the 
diode nonconducting. At the end of the drive, capacitor C is fully 
tharged, except for diode leakge. The positive bias voltage on diode 
(‘22 is then removed, permitting capacitor C to discharge through the 
diode and the input winding. Current passing through the input 
Winding then writes a ONE in core B. The anticipated power saving, 
however, can be elusive. Simple pulse bias supplies, such as a resistor 
(hrough which drive current flows, save no power, even though there is 
0 dissipation in the delay network. It can be shown that the volt- 
mperes handled by the bias voltage supply exceed the watts which 
would otherwise have been dissipated in the delay network. 

The bias voltage V, must be at least equal to the sum of the output 
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voltage V, and the voltage appearing across the input windings during 
read. Thus, 
Va2>V dbs 
a Vo tN dt (14.8) 
Otherwise, if core B were in the onE state, the negative voltage appear- 
ing across the core B input winding would subtract from the bias 
voltage, causing diode CR2 to conduct. 
As shown in Fig. 14.8, the returns of all of the input windings are 
tied together to employ a common bias generator. To effect this 





FIG. 14.9. Input-disconnect circuit with individual returns. 


arrangement, the internal impedance of the common bias voltage 
generator must be very low. If not, the amplitude and duration of 
the input current will depend upon the data pattern in the register, 
and the write time will also depend upon that pattern. 

To avoid the difficulties involved with a generation of low internal 
impedance, the returns of the input windings can be isolated, as shown 
in Fig. 14.9. Another diode (CR3) is required per core, and an indi- 
vidual resistor F is introduced in the discharge circuit of each capacitor 
C. Power from the bias voltage generator is then supplied to each 
resistor R, even if the corresponding core is in the zERo state. 

Applications. An important advantage of the input-disconnect cir- 
cuit is the reduced time needed for write. Write can be made much 
shorter than read, especially if a bias generator of low internal imped- 
ance is used, as in Fig. 14.8. However, as in any PMA, a short write 


time leads to noise during zmRo transfer. The shorter the write time — 


required, the larger the current required from the discharge of capacitor 
C during one transfer, and, as a result, the noise current observed 
during zero transfer is also larger for short write time. At some short 
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write time, the flux representing zERO becomes a ONE while being 
propagated through several stages. Cores with higher squareness, or 
a sector method of winding, may be used to reduce this forward nidlise 
or C may be increased and V, reduced to take better advantage of the 
diode nonlinearity. 

Another merit, especially of the circuit of Fig. 14.9, is that the opera- 
tion of one core does not depend upon the state of the neighboring 
cores. This condition results in uniform outputs from all delay PMAs. 


CR2C 
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FIG. 14.10. Input-disconnect conditional transfer circuit. 


In addition, very long drive pulses can be used. Still another advan- 
tage of the input-disconnect circuit is that long output pulses can be 
formed by delaying the discharge of capacitor C, as long as external 
loads are so small as not to discharge the capacitor. 

_ The input-disconnect circuit can effect conditional transfer. In 
lig. 14.10, for example, capacitor C may discharge either through diode 
CR2B or CR2C, and write into core B or core C, respectively. At 
write time, the bias pulse is removed only from the desired diode while 
the other diode is left blocked. This choice of direction of transfer 
{inds application in structures such as a reversible shift register 

parallel transfer into or out of a shift register, serial-parallel eba 
vorsion, and multiple nondestructive read. 


14.7. Two-Way Circuits 


The voltage output in a delay PMA circuit may be of either polarity. 
An output of polarity opposite that of the normal output signal may 


mm 
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be obtained if both the output diode and the read winding are reversed. 
If write is made slow enough, the voltage on the output winding during 
write is very small, and no transfer results. This condition permits 
the design of a register with facilities for both positive and negative 
outputs. The two polarities may, in turn, be used to provide two 
distinctive paths for propagation of data. Such a design is called the 
two-way delay PMA circuit.1. The choice of propagation direction is 
made by selecting the polarity of the drive current. 

Operation. The operation of the two-way circuit can best be 
explained by describing a typical example. The output winding of a 
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FIG. 14.11. Two-way circuit. 


given core is connected to two delay networks, one network with a 
diode in the normal direction, the other with a diode in the reverse 
direction. When the core is read to zERo with a read mmf of the usual 
polarity, the normal diode conducts and transfers data to its associated 
delay network. In Fig. 14.11, Jor reads the core to ZERO, transferring 
data to network DP through diode CRP, and thence to core B. If 
core A is initially in the zero state, no output voltage results, and core 


B remains in the zmRo state. 


When core A is read with a drive mmf of the opposite polarity, the 
output voltage V, is also of the opposite polarity, so that. the other 
diode CRN is now the conducting diode. In Fig. 14.11, Ton reads the 
core to the onE state, transferring data to network DN through diode 
CRN, and thence to core C. If core A is initially in the onr state, no 


output voltage results, and core C remains in the zRo state. 


Thus, with the application of Jop, data is transferred from core A to 





Delay PMA Circuit Design 235 


to core C. The clear state for [op is the zERO state, and a change from 
the onE state results in an output pulse. The clear state for Joy is 
the ONE state, and a change from the zERo state results in an output 
pulse. é 

The voltage developed across the output winding during write has 
not been considered. This write output voltage Vwo must be con- 
sidered, as it constitutes a major obstacle in two-way circuit operation. 
In a simple register, for example, the diode is connected in such a 
direction as to block current from the output winding during write. 





» 
Shift left 


FIG. 14.12. Reversible shift register. 


In the two-way circuit, however, one diode is always connected with 


the polarity necessary to conduct current produced by Vywo. 


‘he write output current Jwo has two adverse effects upon circuit 


Operation. First, the cores are loaded during write. Second, partial 
‘witching may take place in the succeeding core, because of charging 
of the networks during write. 


‘The effects of Iwo may be overcome by increasing the write duration, 


#0 that the write output voltage is too small to cause spurious partial 
switching in subsequent cores. Operation may also be improved by 
keeping Vwo below the diode forward threshold. To provide such a 
threshold requires either the selection of higher-threshold diodes or 
the insertion of a bias voltage. 


Applications. There are many applications for the two-way delay 


I'MA circuit. For example, a reversible two-way register (or bidirec- 
tional register) can be constructed, as shown in Fig. 14.12. .One 


core B, and with the application of Zow, data is transferred from core A polarity of drive current shifts data to the right, and the other shifts 
’ 
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data to the left. If the register is open-ended, and if no data is fed to 


the first core, the register is cleared to zERo for one polarity of drive 
current, and to ons for the opposite polarity. This is not the case 
when conditional transfer is accomplished by the input-disconnect 
circuit, as the clear state in that case is ZERO for both directions. 





Repetitive read line 
FIG. 14.13. Shift register with parallel read (without shifting). 
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FIG. 14.14. Parallel transfer between shift registers. 


Often, a shift register is needed which may be read many times before 
a new word is received. This is achieved in the two-way circuit by 
using one polarity of propagation to shift data, and the other polarity 
to feed the data back to the original cores, thus providing repetitiv: 


read (Fig. 14.13). 
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Data transfer from a core of one register to a core of another can be 
accomplished if the outputs of the two registers are of opposite polarity 
(Fig. 14.14). Only an additional winding NTA in the first register 
und an additional diode CRT are needed. In the diagram, the state 
of core A is transferred in complement form into core B whenever 
core A is driven by a reversed polarity (or transfer) drive current. 
This circuit arrangement enables the complete transfer of all or a 
xclected portion of data from one register to another. Yet, at all 
other times the two registers operate independently. 


14.8 Delay TMA Regenerative Circuit 


In the circuits described above, the entire power is supplied by the 
drive current. A single source of drive current usually feeds many 
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FIG. 14.15. Delay TMA circuit. 


siuges. If the pattern in a register contains mostly zmRos, the unused 


ower is dissipated in the source, lowering the efficiency of the circuit. 
T'ransistor-magnetic pulse amplifier (TMA) circuits, described in 
Chapter 27, are used to supply each core with an individual source of 


iviving power. Each delay TMA circuit? consists of a TMA and a 
ilolay network (Fig. 14.15). The transistor is cut off at all times, 
#xvopt when the core is in the process of switching from the onE state 
io the zpRo state. The read mmf triggers the delay TMA, so that a 
fore in the one state is switched to the zERo state by regenerative 
TMA action. The stand-by power is very small, since the transistor 
je normally off. The trigger power is also small, as the trigger current 
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must produce only a very small part of the total flux change in the 
The total power is approximately proportional to the 
operating rate and to the number of onss in the system. Negligible 


magnetic core. 


power is consumed for the transfer of ZEROS. 


Operation. The TMA technique offers a substantial advantage 
over delay PMA circuits, since the latter require the consumption of 
In addition, when a TMA core is in 
the zpro state, little collector current is produced. Consequently, 
the core is not subjected to a strong driving mmf, as is the case for 
The only mmf applied is that of the trigger mmf, 
which need be only slightly greater than the threshold mmf (and is 
As a result, the forward noise is 


power for transferring ZEROS. 


delay PMA circuits. 


much less than the peak drive mmf). 
much smaller than in the delay PMA circuit. 


There is a substantial difference between the regenerative process i 
a circuit containing a square-loop core and that found in the conven 
The TMA circuits described here, how: 
ever, differ somewhat in action from those of Chapter 27, because 0 
the presence of a large capacitance in series with the collector winding 
The capacitor charges during the switching time, causing the regener 
The value to which th 
current drops must be sufficient to ensure continuing regeneration 
so that the core may be cleared. The conditions required of the T™ 


tional blocking oscillator. 


tive current to decrease as time proceeds. 


are as follows: 


1. The final current value must generate an mmf higher than th 


switching mmf of the core. 


2. As the capacitor is charged, the voltage across the core windin, 
This effect must not be allowed to reverse the direction 
the regeneration, and thereby stop the pulse before the core is switch 
In practice, however, the problem is seldom as serious as theory pr 
dicts. (Even if the current pulse stops, ringing can often be depend 


decreases. 


upon to restart regeneration.) 


3. The base-to-emitter voltage must be sufficient to produce th 


needed collector current. 
The approximate relation to satisfy the third condition is: 
26sN (Nc — Na/B) > 78 + Rez 4 TB 
Gr mie: B 


where Gr = switching charge-turns (Section 14.3) 
Nc = number of turns in collector winding 
Nz, = number of turns in base winding 
&@, = switching flux of the core 
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rz, fp = inherent emitter and b i i 
Retails thane rn resistance of the transistor at 

external resistance in the emitter (ohms) 

common-base and common-emitter large-signal current 

me gains of the transistor, where B = A/(1 — A) 

abs bid wubrih Register. The characteristics of the transistor can 

ne ti “ y choosing the proper number of turns in the core 
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FIG. 14.16. Delay TMA shift register. 
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In practice, the value of C is chosen lower than the critical value, to 
accommodate variations in the characteristics of the transistors and 
cores. This condition permits the capacitor to charge to the full 
supply voltage before the core is completely switched, so that the col- 
lector current drops to a value Vcc/Rn, where R, is the resistance of 
the networks. If the mmf NcVcc/Rn is higher than the mmf needed 
to switch, regeneration continues until the core is completely switched. 
Because the transistor is then bottomed, minority carrier storage 
results. Carrier storage, however, does not affect the operation, as 
read represents a small portion of the period. In addition, the induc- 
tive nature of the base impedance, coupled with the absence of a 
resistor, makes the storage time very short. 

Comparison of Delay PMA with Delay TMA. = In delay PMAs, the 
output voltage is derived from the output winding of the core, and is @ 
function of switching time. In delay TMAs, the output voltage is 
equal to the collector supply voltage for the transistor, and hence is 
independent of all the factors which affect switching time in the delay 
PMA, such as the information pattern in the register. 

Inverse noise does not exist in the delay TMA, because a voltage 
appearing across the input winding during read cannot generate & 
current in a preceding element which is in the zmRo state, since the 
associated transistor is cut off. 

The most significant difference between the two circuit types is 1 
the drive. In the delay TMA circuit, the driver need not supply th 
power, but must only trigger the circuit. Because of this characte 
istic of drive, a circuit in the ONE state may be noise-sensitive. Fo 
example, if a write current applied to a core has a sharp lagging slop 
(such as occurs when a current is interrupted by a switch), the voltag 
generated at the transistor base may trigger the read action. Ever 
in a saturated core, the coupling can be sufficient to trigger this actior 
However, inverse base-to-emitter bias or slow fall time of the write 
current prevents this spurious triggering. 

A core partially switched is even more unstable in a delay TMA 
circuit, since the permeability is increased and the threshold mmf if 
decreased. Any small transient may trigger the circuit and read the 
partial flux. This action may occur at random times and completely 
disrupt the proper operation of the system. This is not the case if 
the delay PMA, where incomplete switching toward either polarity 
can be tolerated within limits. The delay TMA tends not tf 
operate reliably unless the cores are fully switched at each read an 
write. 

In spite of the noise problem, the delay TMA is superior to the dela 
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PMA in many respects, especially for over-all efficiency and output 
signal-to-noise ratio. 
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Delay parallel magnetic pulse amplifier (delay PMA) systems 
only two basic logic elements. These elements, in combination wi 
shifting elements, may be used to form more complex derived el 
ments and subsystems.’ A single circuit design can be used throug 
out a complete system. 

This chapter discusses the elements involved, and the procedures f 
combining them. Limitations imposed by circuit considerations a 
also discussed. The material in Chapters 7 and 14 is prerequisite to 
proper understanding of the chapter, and several aspects of logie 
design discussed in Chapter 10 are referenced (notably in Sectio 
15.5 and 15.8). 


15.1 Basic Features of Delay PMA Logical Design 


The delay PMA circuit discussed in Chapter 14 is the basic cire 


used in delay PMA systems. This circuit and three alternative b: 
242 
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circuits (using other forms of the delay PMA technique) are discussed 
briefly. The basic logic symbols employed and the approach to logical 
design procedure are also described. Special elements may be required 
for input-output functions, but are not discussed in this chapter. 

Basic Circuit. The basic delay PMA circuit or stage is shown in 
Fig. 14.1. The circuit is composed of a square-loop core with windings, 
a diode, and a delay network. There may be several input windings 
for writing data from various separate sources into the core (described 
in more detail in Section 15.4). The basic delay PMA circuit is used 
for both shifting functions and logic functions. 

Alternative Basic Circuit. Delay PMA logic symbols are also appli- 
cable (or may be extended) to circuits using the input-disconnect 
transfer mechanism (Section 14.6), the two-way circuit (Section 14.7), 
and the delay TMA regenerative circuit (Section 14.8). The input- 
disconnect circuit is identical in logical design (except for the pos- 
sibility of conditional transfer) to the basic circuit, and needs no 
additional symbols. The other two circuit types are more specialized, 
and are treated separately in Sections 15.6 and 15.7. 

The delay TMA circuit, in particular, offers more flexibility than 
the basic circuit. In the basic circuit, all stages are read and shifted by 
drivers controlled by a single-phase clock. In delay TMA circuits, 
(he outputs themselves can be used as buffer drivers to control other 
alages. Thus, the driving of TMA circuits can easily be controlled by 
the data. 

Symbolic Representation. The symbols chosen for the functional 
representation of delay PMA elements must be simple, concise, and 
inambiguous. The polarity (plus and minus) of the signal must not 
he confused with the data state (ONE and ZERO). 

The symbols used in delay PMA logic diagrams are shown in Table 
1.1. The logic symbols are largely conditioned by the nature of the 
wircuit. The storage capability of the core is represented by a box 
tilled a basic circuit or stage. A line extending from the box represents 
i) Output; an arrowed line terminating at a box represents an affirma- 
live (active write OnE) input delayed with respect to its source, the 
“ulput. Lower-case letters are used to represent the functional varia- 
blow, The letter usually represents an individual bit; sometimes, when 
iio confusion results, a single letter represents a whole sequence of bits 
(4 word), Unlike the notation in Chapter 10, subscripts representing 
{ime are not required, since there is only one clock phase. 

In most static and dynamic circuit techniques, the output is gated 


iy means of an AND circuit with the clock or by other timing pulses. 
‘Ii core circuits, it is misleading to represent this gating as an AND gate, 
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as this convention may lead to the impression that drive pulses may be 
gated against input signals, which is not the case. The drive, or read, 
pulse produces a ONE or ZERO output, depending upon the prior state 
of the core. For this reason, the drive pulse is represented by its 
own symbol, a hook placed about one corner of the box, as shown in 
Table 15.1. The hook symbol is usually omitted on all stages which 


Table 15.1. Basic Delay PMA Logic Symbols 
Name Symbol 


Basic circuit or 
stage 


Data transfer line a 


Denotation 





A wound core of square-loop mate- 
rial, a diode or transistor, and delay 
networks, as required. 


Signal flow follows the arrow; a 
lower-case letter identifies inputs 
and outputs (in this case, a and 6, 
respectively). 


Drive or read A drive or read pulse is indicated by 


pulse the hook symbol, usually shown only 
for stages driven by buffer drivers. 
Branching Pulse in left line is transferred to 


separate destinations. 


[ | e 
| | The or function is performed by the 
b 
b 
Eales 


OR connection 


core (upper symbol), or by the diodes 
(lower symbol). 


INHIBIT connec- 


The rnu1sIT function is performed by 
tion 


input line b. 


ONE generator The stage produces a oNnE output 


every drive time. 





are driven from the common clock, and shown only for those stages 
which are driven by buffer drivers. 

Two or more arrows terminating on any side of the box (Table 15,1) 
represent an or function (Section 15.4). Two or more arrows meeting 
at a solid dot instead of at a box also represent an or function. The 
difference between the two ors depends upon the circuit, and i 
explained in Section 15.4. The tnurpir function (Section 15,4) 
represented by a straight line cutting across the box at any angle, & 
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gesting a barrier to the insertion of ones. Any number of INHIBITS 
can be represented on one stage, each by a separate line. The symbol 
for a ONE generator (Section 15.3) is also shown in the table. 

Logical Design Procedure. The rules limiting the application of a 
specific delay PMA circuit design must be known prior to making the 
initial logical design. This initial design is later optimized to reduce 
the number of cores used. The general approach to the design pro- 
cedure is similar to that used with other circuit techniques. Detailed 
design, however, requires the logical designer to distribute the imple- 
mentation of the logic over a number of timing cycles. Thus, the 
delay PMA technique is more suitable for serial systems than for 
parallel systems. 

The design of any data-processing system based upon delay PMA 
elements or delay TMA elements must accommodate the time delay 
inherent in each stage. The limitations due to these considerations are 
handled by distributing the logic operation along shift registers or 
accumulators. Only a small portion of the logic is accomplished at 
each stage. Thus, each bit of the word is operated upon step by step 
as the word is propagating, until finally the whole word is processed. 
Generally, no extra time is required for this processing, as the first bit 
of the word starts to undergo another operation while the last bit of 
the word is still finishing the previous operation. The timing of the 
various operations may be different, and care has to be taken to pro- 
vide for their proper interaction. 


15.2 Limitations on Logical Design 


Limitations on delay PMA logical design are imposed by the num- 
ber of inputs permitted to a stage and the number of cores controlled 
by a stage. 

Number of Inputs. Loading of delay PMA circuits by multiple 
inputs becomes a problem during read, since the output network 
receives a smaller portion of the available drive. As explained in 
Chapter 14, the delay networks should be designed to present a rela- 
(ively high impedance to the input winding and a relatively low imped- 
ance to the output winding so that the output network receives most 
of the power. However, the loading on a core becomes appreciably 
greater when several inputs are connected, as is the case in most data- 
processing systems. Not only is the part of the total energy delivered 
to the output circuit smaller (because of the input loading), but the 
“ore switches more slowly (because of the reduction in the switching 


imi applied to the core caused by the load increase). Thus, the total 


i aii a ia a i 








246 Digital Applications of Magnetic Devices 


energy derived from the drive is less. (Compensation can be made ~ 
for the increased load by increasing the turns in the drive winding.) — 
This twofold loss is independent of the input mmf from other stages. 

A similar loading problem occurs during the write operation. 
Although the output network of a receiving core is disconnected by 
the diode, other networks connected to the input windings constitute a 
load. When only one of a number of inputs supplies write current, 
the inactive inputs constitute a load, and absorb a part of the input 
mmf, thus jeopardizing write. For these reasons, the number of 
inputs to a stage must be limited. 

Number of Cores Controlled. There is also a limitation of the num- 
ber of cores controlled per stage, because of inverse noise. However, 
the effect of inverse noise on the transmitting core is less of a problem 
with delay PMA circuits than it is with the PMA circuits of Part I, 
because noise is attenuated in the delay network. In delay PMA cir- 
cuits, the limit on the number of receiving cores per transmitting core 
is determined not so much by the noise delivered to the transmitting 
core as by the effects on the input windings in series with the input, 
windings of noise-producing stages. 

A second factor limiting the number of cores controlled is the change 
in the current waveform at the output of the delay network, produced 
by a voltage induced across the input windings of the receiving cor 
being read. When this voltage is aiding the switching action, I 
current waveform is larger and occurs sooner than if it were into 
short-circuit load. When the output is opposing the switching action 
(as in the rnuiBir element, Section 15.4), the current waveform i 
smaller and occurs later than it would into a short-circuit load. Und 
these conditions, improper operation may result in applications whe 
the delay network provides inputs to several stages. This possibilit, 
limits the number of input windings connected to one delay networ 


15.3 Basic Shifting Elements 


Serially connected delay PMAs are used to mechanize shift registers.’ 
Shift registers are used not only for storage of data, but also, in mo 
complex combinations, for counting. A single-stage delay PMA with 
the output returned to the input mechanizes a very useful element f 
the storage of a single bit of data. The one generator, equally usef 
consists of a basic element which generates a ONE for every clock pul 

Shift Register. The simplest configuration of delay PMA stages 
the shift register composed of serially connected stages. At each dri 
pulse, the data in the register is transferred from the cores to the del 


The switching action is identical for both cases. 
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networks, thence to the succeeding cores, each bit thus advanced one 
stage in the register. Each stage provides enough power amplification 
to provide a full switching flux at each input. A shift register thus 
formed is a lossless digital delay line of arbitrary length, with the time 
increments of the delay equal to the period of the drive pulses. Com- 
plex shift register applications are described in Sections 15.8 and 15.9. 
One-Bit Register. A device capable of assuming two stable states, 
and capable of retaining the states while the data stored is being repeat- 
edly used, is a necessary control element in digital data systems. The 
delay PMA element used for this function is a type of dynamic fliip- 
flop—the term ping-pong is used in Chapters 7 and 10—and is referred 
to in this chapter simply as a flip-flop. A flip-flop is mechanized by 
connecting a delay PMA stage in such a way that its output provides 
its own input as well as the input to other elements, as required. The 
data output is available at each clock pulse. Flip-flops are used 
extensively for control applications and for arithmetic operations. 
Means for setting and resetting flip-flops are discussed in Section 15.5. 
one Generator. The ONE generator is realized by applying a d-c 
current to an input winding of a basic element, automatically setting 
(he core to the ONE state after each read. The d-c current must fully 
awitch the core in the time between read pulses. It may be necessary 
(o use more turns on the read winding than are used on the basic stage, 


since the d-c mmf opposes the read mmf. The logic symbol employed 
it shown in Table 15.1. 


15.4 Basic Logic Elements 


The basic delay PMA logic elements are composed of the same basic 
ilelay PMA circuits or stage as are the shifting elements discussed 
above. The logic functions are presented and discussed in Chapter 7 
and compiled in Table 7.1. The basic logic elements, which form the 
primitive set for delay PMAs, are the or and INHIBIT elements. 


These 

#loments are sufficient for performing all logic functions. 
The or Element. The or function is effected when a switching mmf 
{vom one or more of a number of separate sources is applied to a core. 


A current from one of the sources, or from any combination of them, 
switches the core. In practice, the inputs may be applied either to 
different windings (Fig. 15.1a) or to a common winding (Fig. 15.10). 
The or function is 
filao realized when two or more sources share a common delay network, 
the on function being performed by the diodes (Fig. 15.1c). The 
logic symbols employed are shown in Table 15.1. 
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FIG. 15.1. oRelements, logic and circuit diagrams, using (a) separate transfer loops 
(b) common winding, and (c) the diodes. ; 
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The inHisit Element. The rvursiT function is effected when two simi- 
lar mmf’s of opposite polarity are applied to a core. The INHIBITINg 
mmf cancels the action of the write onE mmf. The inHIBITing mmf 
may be larger than the write mmf in both amplitude and duration, or 
may be smaller in amplitude, but only by an amount equal to the 
threshold mmf. In general, an INHIBIT input may only override a 
single input. The two mmf pulses are usually generated from similar 
sources, to provide corresponding waveshapes. There may be more 
(han one input or INHIBIT winding on a single core; the restrictions on 
inputs are discussed in Section 15.2. The logic symbol employed is 
shown in Table 15.1. 


15.5 Derived Elements 


Both derived shifting and derived logic PMA elements are presented 
in this section, since, in many applications, both the basic shifting ele- 
ments and the basic logic elements are used in the derived elements. 
Several flip-flops (and means for setting and resetting each) are dis- 
cussed. The functional aspects 
of more complex shift registers are 
(liscussed in detail in Chapter 
10, and are not here repeated. Su Output 
Meveral derived logic elements are 
presented, including the Not, AND, Reset 
ind EXCLUSIVE OR elements. As (a) 

ii) many other magnetic-core logic 

(ochniques, there is a delay, or Set Output 
alorage of data, between inputs 

‘nd outputs which must be con- 

sidered in the logical design. 

Flip-Flop Elements. Flip-flops Reset 
re generally set by means of or (b) 


‘loments and reset by means of : ; : : 
blo ‘ amend FIG. 15.2. Typical flip-flops with set in- 


iNiBIT elements. In the ONE puts ored by the core (a) or by the 
slate, a flip-flop circulates the diodes (b). 


ONW—the re-entrant input is ored 

with the set input—until the reset input InHIBITS the re-entrant ONE 
input, thereby resetting the flip-flop. Two typical flip-flop elements 
ave shown in Fig. 15.2. The difference between the flip-flops of Fig. 
1},2a and b is the method of oring the set signals. In the first flip- 
flop, the signal is ored by the core; in the second flip-flop, the signal is 


oned by the diodes. The advantage of the second flip-flop is that, 





250 f Digital Applications of Magnetic Devices 


ZERO output 


ONE output 





Reset 


FIG. 15.3. Flip-flop with complementary outputs. 


when set, the output is available one clock time earlier than in the first 
flip-flop. The output of the setting element of the second flip-flop 
must be capable of switching not only the flip-flop core but also the 
cores connected to the flip-flop output. 

Another useful flip-flop configuration 
is shown in Fig. 15.3. Complementa 
outputs are provided, one deliveri 
ONE outputs when the flip-flop is set 
and the other when the flip-flop is reset 
Note that two INHIBIT elements and a ONE generator are used in 
combination with the basic flip-flop. ; 

The Not Element. The Nor function is performed, as shown in Fig, 
15.4, by the combination of the 1nutBIT element and the ONE generato 


, 


a 


a a 


FIG. 15.4. NoT element. 





FIG, 15.5. AND elements using ONE generator (a) and iNHIBIT elements only (b), 
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The output of the onE generator is InHIBITed by input a, in the manner 
a’ = 1a’. The use of INHIBIT as a basic logic element in delay PMA 
systems makes necessary the frequent use of the NoT element. 

The AND Element. Two methods for performing the anv function 
are shown in Fig. 15.5. Although it is possible to perform the anD 
function directly by a coincident-current method or by diodes, these 
latter methods are not generally used, either because regulated pulse 
currents are required or because a steady current flow cannot be 
tolerated (as required by a diode AND gate). 

The AND element of Fig. 15.5a@ uses a ONE generator, an INHIBIT 
clement to implement 1b’, and a second INHIBIT element for a(1b’)’ = 
ab. The anv element of Fig. 15.5) uses an INHIBIT element to imple- 
ment,“ab’, and a second INHIBIT 
clement for a(ab’)’ = ab. In 
the first configuration input a 
need not be available until one 
pulse period before the output 
results, but in the second con- 
{guration input a must be 
wvailable two pulse periods be- 
fore the output results. 

The exctusive or Element. One 
method for performing the EXCLUSIVE oR function is shown in Fig. 
15.6. In this configuration, two INHIBIT elements are connected in 
such a way that each input inurBITs the other. The outputs are then 
oned. 


ab’ va’b 





FIG. 15.6. EXCLUSIVE OR element. 


15.6 Use of Two-Way Circuits 


As described in Section 14.7, a core in a two-way circuit configuration 
(an be associated with two networks, with two diodes connected to the 
vulput winding in opposite polarity. This circuit arrangement enables 
road to be performed in each polarity, with the energy being supplied 
(o a different network in each case. However, the corresponding write 
switching must be rather slow, to keep the output voltage sufficiently 
low that neither network receives significant power. 

he two-way circuit can be used to form an AND element by the use 
of the or element (Fig. 15.7). Before receiving the write input, cores 
A and B are primed to the zmRo state by the Jop drive. Inputs a and 
bh write into cores A and B. Cores A and B are now read (and cleared) 
lo the onn state by Zon, at the same time that core C is primed to the 


NW state by Zov. Both cores A and B now produce a pulse if a ZERO 


— 
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input had been received, and no pulse if a oNE input had been received. 
The pulses thus represent a’ and b’. The pulses are ored together and 
the result used to write (toward the zERo state) in core C. Core C 
thus remains in the one state if both pulses were absent, and contains 
(a’ v b’)’ = ab. Core C is read to zmRO by Jop. 

The two-way circuits are thus capable of mechanizing conventional 
logical designs based upon AND and or of the type usually formulated 
for d-c level logic. To date two-way circuits have been used only 





FIG. 15.7. AND circuit, using two-way technique. 


in the simplest applications, as the special requirements needed for 
complex logic operations place added burdens on the already restricted 
two-way circuit design. However, the two-way circuit is convenient 
when branching of the data-propagation direction is needed. 


15.7. Use of Delay TMA Circuits 


In the delay TMA circuit, read current serves only to trigger the 
action; complete read is accomplished by the regenerative transistor 
current. Energy required by the network is also supplied by the 
regenerative current, rather than by the drive current. In general, 
the efficiency of the delay TMA circuit is greater than that of the cor- 
responding delay PMA circuit. 

Logic functions, such as or and rNurBrT, are performed with t 
delay TMA circuits in much the same manner as with the delay PM 
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circuits (Table 15.1). There is one notable exception to this simi- 
larity, however, in that there is a restriction in performing the or 
function by buffering the transistor outputs into a common network. 
Two TMA circuits ored by a common connection to a single delay 
network are shown in Fig. 15.8. No problems are encountered when 
only one core is switching and providing a current path for charging the 
capacitor in the delay network. However, when both cores are switch- 
ing, the capacitor-charging current is shared by the cores, thereby 





FIG. 15.8. TMA circuits ored into single delay network. 


(using slow or incomplete switching. In addition, current waveforms 
ii the output of the delay network may be adversely affected, which in 
(urn tends to cause INHIBIT elements to malfunction. Both of these 
effects require the restriction that only a single oNE output may occur 
if several stages share the same network. 

In delay TMA circuits, the limitations on the number of inputs to a 
wore and the number of cores driven from a single stage are not as 
stringent as with the delay PMA circuits. Inverse noise, for example, 
in negligible, as the collector is cut off immediately after read. 

Because the required triggering power is very low, a delay TMA 


- tlage can serve as a driver to trigger or shift other stages. This 


Sn 
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feature permits stages to operate in cascade with only a slight propaga- 
tion delay between operations. Many operations may be cascaded in 
this manner, since the duration of the collector current is generally 
only a small part of the clock period. If there is multiple cascading, 
the propagation delay may be enough that an INHIBIT operation involv- 
ing both a cascaded and an uncascaded stage becomes marginal. 
Since the delay TMA is capable of providing drive outputs for addi- 
tional stages, it is more versatile than the core-diode circuit. 


15.8 Counters, Scalers, and Pattern Generators 


Counters, scalers, and pattern generators comprise a major class of 
digital subsystems. All of these functions are implemented by the 
basic and derived elements already described. The counters presented 
in this section fall into four categories: ring counters, re-entrant shift 
counters, binary counters, and accumulating counters. 

Ring Counters. A ring counter consists of a shift register connected 
in a closed loop to circulate a single onE. The length of the shift 
register determines the base of the count; a decimal counter employs 


ten stages. Ring counters with additional outputs from other stages — 
are used as cycle distributors. The single oNE output (or any other — 


pattern, as preset) appears at each stage, but with a different phase. 


The advantages of this method of counting are that all phases are — 
available from a single counter and that any circular pattern is avail- — 


able in each phase. A disadvantage, however, is that the ring counter 
requires a large number of stages for a large count. 
For long counts, two or more interacting ring counters are frequently 


used; the number of stages in the counters, however, must have no > 


common factor. Such a counter, using one ring of five stages and one 
ring of six stages, is shown in Fig. 15.9. The resulting pattern is 


30 bits long (29 zERos and a single oNE). Each phase of output is — 


made available by the addition of one INHIBIT element as shown. 


Note that the mvuiprting ring counter circulates four onus and one — 


ZERO. 
Re-entrant Shift Counters. Re-entrant counters or pattern gener- 
ators are formed by using a shift register, and often a ONE generator, 


with one or more additional logic elements. The structure usually — 


consists of a shift register with additional connections between some 
of the non-neighboring stages. The re-entrant data either INHIBITS 
or ors with the main flow of data. The patterns generated in this 
fashion are sometimes referred to as shift codes (Chapter 10). This 
method of generating patterns lacks flexibility, but simple patterns are 





Delay PMA Logical Design 255 


readily realized. Examples of simple pattern generators are shown 
in Fig. 15.10. 

A pattern generator with an INHIBIT feedback from the last to the 
first stage is shown in Fig. 15.11. In general, when the number of 


Output (single ONE 
and 29 ZEROs) 


Output (same as 
above but at a 
different phase) 


Circulating pattern 11110 


Circulating pattern 100000 
FIG. 15.9. Paralleled ring counters. 


vlages in the register (not including the one generator) is n, the result- 
ing pattern is 2n bits long. The exact pattern depends upon the pre- 
nol. For n = 1, a binary counter results (Fig. 15.10). A pattern of a 
tingle ONE in 2n bits is produced by the configuration shown in Fig. 
1h.1 1, if the preset is all zeros. In this arrangement, an INHIBIT ele- 
ment is connected to a pattern generator producing a pattern of n 
ons followed by n zERos, such that the 1nurBrring input follows the 
imsertive input by one stage. A pattern consisting of two consecutive 
ONwS in 2n bits results when the InHIBITIing input follows the assertive 











r 7 
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input by two stages. More complex patterns may be generated by 
extending these techniques. The pattern may also be changed by 
changing the presets to the stages. 

Some pattern generators are easily changed to burst generators by 
replacing the one generator with a flip-flop element which is set to 
provide a burst pattern, and reset to stop the pattern. 


00010001... 





00110011... 


FIG. 15.10. Simple pattern generators. Single-stage (a), double-stage (b), and 
double-stage with single output (c). 





000001 1111000001 


00010000000001 


FIG. 15.11. Pattern generator creating a single ONE in a ten-bit sequence. 


In a pattern generator of the type shown in Fig. 15.11, the entire 
structure may be in a different state (holding a different word) each 
shift pulse. A number of different states (words) follow each other ina 
specified order, forming a closed sequence, which is repeated cyclically. 
However, if a pattern generator contains more than two stages, the 
number of repetitive states in a sequence is generally smaller than the 
total number of possible states (combinations) of the whole structure, 
A single error can cause the pattern generator to assume one of the 
undesired states, which in many cases will, with the undesired states, 
form another sequence. The system can thus become locked out of 
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the proper mode of operation, which may be a far more drastic failure 
than a simple single failure. Lockout can be avoided by using con- 
figurations with only one possible repetitive sequence. 

Binary Counters. One type of binary counter is shown in Fig. 15.12. 
The counter contains two delay PMA stages per binary counter stage. 
One stage is a flip-flop element to store the count, and the other is an 
INHIBIT element. All of the stages are driven by the clock, and the 
input to be counted may appear at random. The maximum counting 
rate is one-half of the clock rate. A single-stage pattern generator 


Parallel binary outputs 


Pulses To 
to be following 
counted stage 


Counted-down pulses 


FIG. 15.12, Binary counter. 


To 
Input following 
stage 


FIG. 15.13. Delay TMA binary scaler. 


(lig. 15.10) must therefore precede the binary counter if the clock 
\inelf is to be counted down. The count, in binary form, is available 
in parallel from the flip-flops. Counted-down patterns may be 
obtained from the tnHrBIT elements when the input pulses are con- 
(inuous. There is a propagation delay of one timing pulse for each 
binary stage. 

Using the delay TMA circuits, which can be cascaded because of 
(heir driving capability (Section 15.7), a much simpler binary scaler is 
tonlized. Such a scaler requires only one delay TMA stage per binary 
alate, The scaler, shown in Fig. 15.18, accepts random inputs. 
Operation is quite simple. The onE output of each stage shifts the 
following stage, and also provides a one input which is rmvurpited 
when the following stage has a ony output. Thus, two input onEs 
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to a stage are required to produce a single oNE output. The propaga- 
tion delay is short. However, if the clock is counted down, the output 
after a few binary stages is no longer in phase with the clock, and must 
be rephased in synchronism with the next clock pulse or the third 
clock by using an additional stage. 

A delay TMA binary scaler may be used as a decimal scaler by 
employing other feedback paths and other drive-line connections, as 
shown in Fig. 15.14. A table listing the states of the stages correspond- 
ing to ten input pulses is also shown. 


Input 





State 





Input Stage Stage Stage Stage 
B C 





SCOONANHRWNHH OS 
Ororororore 
cooorr Ooorr Ooo 
CcOoOCOrFRrFRFRrFH OOOO 
Orroocoocecoo 


— 





FIG. 15.14. Delay TMA decimal scaler. 


Accumulating Counters. When the inputs to be counted are at a 
low rate relative to the clock rate (depending upon the count capacity 
needed), an accumulating counter is often the optimum design choice. 
(A subtracting version of this counter is described in detail in Chapter 


10.) An add counter and a subtract counter using delay PMA ele-— 


ments are shown in Fig. 15.15. The length of the loop is determined 
by the count capacity required. A counter which adds onxE to the 
stored word each count is shown in Fig. 15.15a, and a counter which 
subtracts one from the stored word each count is shown in Fig. 
15.15b. The input must be in synchronism with the proper sub- 
multiple of the clock time, or, alternatively, a burst of drive pulses 
can be generated synchronously with each input pulse, since the stored 
word must cycle back to its initial position in the register with each 
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N-stage loop 


Add pulse input 





N-stage loop 


pulse input 


(b) 


"iG, 15.15. Accumulating counters. (a) Add counter. (b) Subtract counter. 


count. The contents of the counter may be transferred in either paral- 
lol or serial form. The counter may be set in parallel or serial fashion, 
and reset is accomplished by an INHIBIT on any stage in the loop. 


15.9 Control Applications 


The control of data flow is easily accomplished by delay PMA 
elements. Several useful and representative control applications are 
dlonoribed. 

A word, in serial form, may be extracted from a cycling shift register 
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by the use of the control application shown in Fig. 15.16. Data 
normally cycles around the register producing no output at stage D, 
since the INHIBIT input to this stage prevents the insertion of all 
ONE inputs. The insertion is prevented because both inputs are 
derived from the same bit in the register. Outputs occur when the 
control stage, at the command of an extract pulse, eauses the data to 


ee ee we we ee ee  -h 


! | 
l | 
| | 
| | 
| | 






Output 


FIG. 15.16. Extracting contents of register. 





Reset 


Complement 
of word to 
be inserted 


FIG. 15.17. Inserting data into register. 


progress through stages C and D to the output. The register is auto- 
matically cleared when the contents are extracted. 

Data may be inserted serially into a cycling register as shown in 
Fig. 15.17. The contents of the register cycle and remain undisturbed 
when the insert flip-flop is reset. When the flip-flop is set, however, 
the contents of the register are cleared and a new word, appearing in 
complement form, is inserted. 

Serial data may be complemented or not, depending upon the state 
of a flip-flop, as shown in Fig. 15.18a. When the flip-flop is set, the 
output is the complement of the input; conversely, when the flip-flop 
is reset, the output appears the same as at the input. A means for 
selecting either serial data or its two’s complement is shown in Tig. 
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15.186. The first onE input sets the flip-flop, and, in the same manner 
as the register of Fig. 15.18a, complements each succeeding bit, 
thereby producing the two’s complement of the input at the output. 
A reset input, however, prevents the flip-flop from being set by the 
incoming data, and thereby allows the input data to appear at the out- 
put uncomplemented. 


Reset 
Set 
a’ when flip-flop is set 
a when flip-flop is reset 
a 
(a) 
Reset 
a’ + 1 (two's complement) 
a 
() 
"iG, 15.18 Complementing serial data. (a) One’s complement. (6) Two’s 
vomplement. 


15.10 Arithmetic Applications 


All of the arithmetic operations in delay PMA systems are based 
pon additions and subtractions. These functions are usually per- 
formed on binary numbers, and the logic is well known. 

‘'wo two-input serial full adders are shown in Fig. 15.19. The first 
version is logically more obvious, but requires four clock pulse times 
(o produce an output. The second version, although less straight- 
forward, uses only three clock pulse times to produce a sum, and uses 
fewer cores. To illustrate the logic, the locations at which the partial 
ind full sums s, and s, and earries cp and c, appear are shown. 

A two-input serial full subtracter is shown in Fig. 15.20. Three 
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clock pulse times are required to produce an output. The locations at 
which the partial and full differences d, and d, and borrows b, and b, 
appear are shown. Subtracters are simpler to implement than adders, 
since they do not require AND elements to form the carry or borrow, as 
the case may be. Subtracters to form the borrow require only INHIBIT 
elements, which are simpler to mechanize with delay PMAs than are 
the AND elements required to form the carry in adders. 

Multiplication and division are accomplished serially, by repetitive 
additions or subtractions. The respective shifting of the multiplicand 
and product (or dividend and divisor) is accomplished by making the 
two storage shift registers differ in length by one stage. Both registers 
are closed in a loop. 
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FIG. 15.20. Serial full subtracter. 
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Part IV, which consists of Chap- 
ters 16 through 21, describes design 
procedures and representative digi- 
tal applications of a class of core- 
diode circuits known as series mag- 
netic pulse amplifiers (SMAs). The 
load and the output winding of the 
SMA are in series with the clock, 
whence the name. Standard diode 
logic may be employed in SMA 
circuits, and the circuits are particu- 
larly adaptable to operation at high 
frequencies. 

Application of SMAs to high- 
speed computing systems has been 
accomplished largely by the Phila- 
delphia laboratories of Remington 
Rand Univac Division of Sperry 
Rand Corporation; the Ferractor® 
amplifier was developed by this 
group. The Univac® computing 
systems based upon the SMA are 
claimed to be the first solid-state 
and the first all-magnetic data 
processors to be delivered for com- 
mercial use. A low-speed type of 
the SMA circuit, the Cypak® con- 
trol circuit, has been developed by 
the Westinghouse Electric Corpora- 
tion and applied to control circuits 
in industrial applications. 
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SYMBOLS USED IN PART IV 


CA, CB 


C 


CR1, CR2,--- 
C1, /C2,.« ++ 
C1, Co, as 


E 


Specific logic 
variables 

Specific logic 
variables at specific 
clock phases 
Specific cores 
Mean cross section, 
core 

Mean cross section, 
output winding 
Magnetic induction 
Maximum induc- 
tion difference 
Remanent induc- 
tion difference 
Switching 
induction 

Carry 

Carries at specific 
clock phases 
Capacitor, 
capacitance 
Specific diodes 
Specific capacitors 
Specific 
capacitances 
Voltage, a-c supply 
voltage 

Power pulse 
voltage, positive 
half cycle 

Power pulse 
voltage, negative 
half cycle 

Specific a-c supply 
voltages 

Bias supply voltage 
Reset supply 
voltage 

Set supply voltage 
Series reactor 
voltage 

Frequency 


NIN, N1P 


N2 


Np, Ni, eee 


Pp 

Pa 

Ph-A, Ph-B 
R 

R, 


Ri, R2,--- 
Ri, Ra, bt Na 


8 
8A, 8B, °° * 


Mmf 

Coercive mmf 
Switching mmf 
Magnetizing force 
Coercive force 
Maximum mag- 
netizing force 
Switching field 
Instantaneous cur- 
rent, average or 
constant current 
Output current 
Set bias current 
Reset bias current 
Switching current 
Turns ratio 
Power gain 
Length 
Inductance 
Specific inductors 
Specific 
inductances 
Integer 

Turns 

Bias winding 
Output winding 
Negative and 
positive output 
windings 

Input winding 
Turns values, 
specific windings 
Decimal fraction 
Power density 
Clock phases 


Resistor, resistance 


Set winding 
resistance 

Specific resistors 
Specific resistances 
Sum 

Sums at specific 
clock phases 





Voo 


Voi, Vox, + + 


Squareness ratio 
Saturable reactor 
Instantaneous 
time, time duration 
Rise time 
Switching time 
Output pulse 
duration 

Ratio of usable to 
total area under 
power pulse 
waveform 

(decimal fraction) 
D-c supply voltage 
Plate supply 
voltage 

Average forward 
diode voltages for 
specific diodes 
Output winding 
voltage 

Switching voltage 
Specific vacuum 
tubes 

Specific d-c supply 
voltages 

Flux ratio 

Mnf ratio 
Exponent relating 
mmf to switching 


-) 


Ho 


$,® 
®u 
®r 


®s 


iS 


min 


max 


av 


time 

Reset delay angle 
Conductor width 
Permeability of 
space 

Insulation 
thickness 
Instantaneous and 
constant flux 
Maximum flux 
difference 
Remanent flux 
difference 
Switching flux 
Conduction angle 
Angular frequency 
or (logic) 

Nort (logic) 
(subscript only) 
Minimum value 
(subscript only) 
Maximum value 
(subscript only) 
Average value 
(subscript only) 
Peak value 
(subscript only) 
Value for phase A 
(subscript only) 
Value for phase B 
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SMA 

FORM 

AND 
OPERATION 


16.1. History of SMA Circuits 16.4 Variations of Basic Circuits 
1,2. Basic Complementing Amplifier 16.5 Magnetic Gating Circuits 
Circuit 16.6 Power-Pulse Variations 
10.3 Basic Asserting Amplifier Cir- 
cuit 


Chapter 16 describes the characteristics and basic concepts of series 
magnetic pulse amplifiers (SMAs) used in high-speed computing 
systems. The SMA is characterized by fast response and high gain. 
lull output is attained after a discrete delay time of one-half cycle of 
excitation frequency. In this type of magnetic amplifier, the load 
wd the output winding are in series with a clock, or power-pulse source, 
Which has a low internal impedance. 

The effective use of SMA circuits to replace vacuum-tube and relay 
‘ircuits in digital applications has greatly improved the reliability 
wid reduced the size and cost of computing systems.! A low-speed 
variation of the SMA circuit is also extensively used in process-control 
pplications. However, high-speed SMA circuits (Chapters 16 
(\hvough 20) differ considerably from low-speed SMA control circuits 
(Chapter 21) both in circuit design and in logical design, and are 
(rented separately for this reason. Familiarity with the information 
fontained in Part I is a prerequisite to the proper understanding of the 
Witerial in this part. 
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16.1. History of SMA Circuits 


Dr. Robert A. Ramey, working at the Naval Research Laboratory, 
announced the SMA circuit in 1951.2 He realized that the half-cycle 
response characteristics of this circuit would be valuable in pies 
applications, and constructed some elementary computer circuits. 
Following this early research work at NRL, development, efforts on 
the amplifier branched into several fields. Dr. Ramey joined the 
Westinghouse Electric Corporation and directed the development of a 
circuit to replace relays in industrial control applications at power line 
frequencies. A group at Remington Rand Univac Division of Sperry 
Rand Corporation developed the circuit techniques and core fabrica- 
tion methods for using SMAs to replace vacuum tubes in high-speed 

igital computers. * 

Pe act desea objective of both of these groups was to develop 
small number of general-purpose modules, all of the same size ani 
shape, which could be suitably arranged and joined by standard inte 
connections to perform any desired logic function. Voltage levels, 
timing periods, and waveforms were standardized; standardizatio 
enabled most types of modules to operate most other types. Speci 
circuits were used only when it was necessary for the logic circuits 
communicate with other devices, such as input-output equipment 
ic memory units. 

ier pera working independently and at opposite ends of the 
frequency spectrum, both arrived at the use of single-level diode log 
with the complementing amplifier (Section 16.2) and the assert 
amplifier (Section 16.3) as the basic switching element modules. 


16.2 Basic Complementing Amplifier Circuit 


The basic complementing amplifier circuit (Fig. 16.1) consis 
essentially of a square-loop magnetic core with three windings: 
input winding N2, an output winding N1, and a bias winding N 
Operation of the circuit is centered around the input and output win 
ings. The bias winding is discussed later. The use of bias in t 
asserting amplifier differs completely from the use of bias in the co 

ing amplifier. vid 
ica oes alae The clock source or power pulse divides 
operation of the complementing amplifier circuit into two separa 
periods of equal duration. When the power pulse is positive, di 
CR3 conducts, and an output can occur. When the power pulse 
negative, CR8 is blocked, and an input can occur, Because CRA 
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blocked during the input period, no input energy can be transferred 
from the input to the output circuit by transformer action. 

When the power-pulse amplitude is properly adjusted, the integral 
of the positive portion over one period is just large enough to switch 
the core from the zERo state to the onx state. If a zERo input (no 
input power) is received, then the core is in the ONE state at the start 
of an output period. The positive portion of the power pulse drives 
the core from the onz state to saturation over a low-impedance portion 
of the hysteresis loop, and a large output current flows. At the end of 
the positive power pulse, the core remains in the ons state. 


CR1 CR3 


Input 


+V, 





FIG. 16.1. Basic complementing amplifier. 


When a onzE is received, the core is switched from the one state to 
(he zERo state during the input period. (The onx input is a positive 
voltage greater than V; which sends current through diode CR1 into 
(he input winding.) At the start of the next output period, the core is 
in the zero state. The positive power pulse switches the core to the 
ON state over a high-impedance portion of the loop. The output cur- 
font is very small. 

At the end of an output period, the core is in the onE state whether 
or not an output has occurred. The following input them produces 
one of two results. Ifa zero input is received, the core remains in the 
ONw state and there is an output during the output period immediately 
following. If a Onn is received, the core is switched to the zERo state, 

and there is no output during the output period immediately following. 
The circuit, therefore, is an amplifying complementer with a delay of 
one-half cycle. 


The complementing amplifier input-output relationships can be 
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shown as idealized waveforms based on the time interval of the power 
pulse (Fig. 16.2). The power pulse, an arbitrary input, and the 
complementer output are illustrated. As shown, there are com- 
plementer outputs only during periods 5 and 11. The output signal is 
retimed and reshaped at each amplifier and additional pulse standard- 
izing circuits are not required. : 
Input Current Control. The circuit consisting of diode CR2, resistor 
Ri, and voltage —V2 (Fig. 16.1) forms a constant-current source 
which limits the input current. In many circuits, an amplifier like 











FIG. 16.2, Idealized voltage waveforms, complementing amplifier. (a) Powe 
pulse. (6) Arbitrary input. (c) Output. 


the one illustrated drives several similar amplifiers in parallel. Wit 
out the current limiter, if one of the parallel-driven amplifiers in such 
circuit reaches the zpRo state before the others, the driven core satth 
rates and short-circuits the output of the driving amplifier, leavi 
insufficient power to operate the other cores. The current limi 
eliminates this problem by limiting the input current to the val 
normally required by the amplifier. If there is another currell 
limiter in the input circuit, such as a constant-current gating networ 
the limiting circuit described above is not required. 

The circuit consisting of diode CR4, resistor R2, and voltage — 
(Fig. 16.1) forms a constant-current sink on the output. The curr 
flowing in R2 is equal to the current which flows in the output windi 
during a no-output period. The no-output voltage produced by t 
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current is small; it is equal to the change in voltage across CR4 when 
the current through 2 is supplied through the output winding instead 
of through the diode, and is substantially independent of the load 
impedance. 

Bias Current. During an input period, the power pulse is negative. 
If no input is received during this time, the core theoretically remains 
in the ONE state. Actually, reverse current flowing through CR3 
(because of the inverse recovery characteristic of the output diode) 
switches the core toward the zERo state. Therefore, at the start of the 
next output period, the core is not in the ONE state as it should be for 
officient amplifier operation, but is between the ONE and zERo states. 
The next power pulse, then, must switch the core back to the oNE 
state before any appreciable amplifier output is observed, thus shorten- 
ing the output duration and decreasing the power gain. 

The bias winding prevents this power loss by supplying enough cur- 
rent to overcome the inverse recovery characteristic of CR3, returning 
(the core to the ONE state. The bias current is obtained from a high- 
impedance source to prevent power transfer by transformer action. 
‘The input signal power of the complementing amplifier must be large 
enough to overcome the bias current, in addition to switching the 
core to the zERo state. 

In a large system, the bias windings of a number of cores are con- 
nected in series. Chokes are placed in the bias circuit between groups 
of cores to decrease the effect of wiring capacitance and to prevent the 
pulse voltage in any bias winding from becoming too large. 

Voltage Vi, in the input winding, must be positive to ensure bias 
Operation. The bias current is regulated direct current; the inverse 
recovery current varies rapidly with time. During the first part of 
(he input period, before an input is present, the recovery current is 
larger than the bias and drives the core toward the zERo state. How- 
over, the recovery current decreases rapidly and soon becomes smaller 
(han the bias. The direction of the net mmf in the core reverses, and 
(he core is switched back to the one state (more accurately, to a 
slightly higher flux at a point on the hysteresis loop determined by the 
bins), During an input period with no input, the input terminal is at 
“round potential. When the bias switches the core back to the onE 
slate, a negative voltage is generated at the input terminal. If V; 
wore zero voltage, current would flow to oppose the flux change, and 
prevent the core from returning to the onE state. Voltage V, is 
\herefore kept slightly above ground potential, blocking the input 
iliode CR1 so that the generated negative voltage cannot cause current 


to flow in the input winding. An input onn (which starts at ground) 
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must be larger than V, before current can be delivered to the input 
winding. 


16.3. Basic Asserting Amplifier Circuit 


The most common variation of the complementing amplifier circuit 
is the basic asserting amplifier circuit. Figure 16.3 shows an asserting 
amplifier with two output windings. The negative output winding 

Negative 


power 
pulse 







~<— _ Negative 
output 

CR6 

Positive 

power 

pulse 


Input = 
—~__ Positive 
+V¥, > output 


CR4 


-V, 


FIG. 16.3. Two-output asserting amplifier. 


NIN is an added feature sometimes used to provide complementing 
well as asserting outputs from what is normally an asserting amplifier 
In the asserting amplifier, the polarity of the input winding N2 an 
the bias winding NB (with respect to the positive output winding) i 
opposite to the polarity of the corresponding windings in a compl 
menting amplifier. The bias current switches the core from the oN® 
state to the zERo state during the input period. If an output h 
occurred during the immediately preceding output period, and there 
inverse recovery current present in CR3, the diode current merely ai 
the bias in switching the core to the zpRo state. With a zpro inp 
therefore, the core is in the zERo state at the start of the output peri 
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and there is no output. Voltage V; keeps the input diode CR1 
blocked while the bias switches the core to the zero state during an 
input period in which no input is applied. As indicated by the reversal 
in polarity, the action of the input is also reversed. 

A ONE input now switches the core to the onzE state. The input 
overcomes the action of the bias and any diode inverse recovery cur- 
rent that may be present. If an input occurs, the core will be in the 








"NG, 164. Idealized voltage waveforms, two-output asserting amplifier. (a) 
l'onitive power pulse. (b) Negative power pulse. (c) Arbitrary input. (d) 
V'onitive output. (e) Negative output. 


OND state at the start of the next output period, and there will be an 
output. Therefore, the circuit functions as an ordinary amplifier 
With a delay of one-half cycle. 

The amplifier input-output relationships can be shown as idealized 
waveforms (Fig. 16.4) based on the time interval of the power pulse. 
Aw shown, there is both a negative and a positive output one-half cycle 
after an input is received. 

Diode CR1, in the complementing and asserting amplifier circuits 


- (igs, 16.1 and 16.3), and in the corresponding sine-wave clock circuits 
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(Fig. 21.2), serves as one of the diodes of a single-level logic cluster. 
Other diodes of the cluster have their negative electrodes connected to 
the cathode of CR1. The positive electrodes of the diode are alternate 
inputs to the amplifier. The cluster is an or gate for positive signals, 
and an AND gate for negative signals. 


16.4 Variations of Basic Circuits 


The basic complementing and asserting amplifier circuits described 
above are the most generally useful for digital applications. Varia- 
tions of these basic circuits are more versatile, but generally have lower 
power-gain bandwidth than the simpler configurations. In addition, 
some of these modified circuits are more difficult to package because 
of increased circuitry, with the attendant problems of component 
count, leakage, lead inductance, and load capacitance. 

In some applications, multiple-level gating networks are used 
between amplifier stages in place of a single-level network; amplifier 
operation is identical. In computing power-gain requirements, how- 
ever, the attenuation of the gating network must be considered. 

One modification of the basic circuit is the use of more than one 
output winding. The power pulses of the additional windings may 
be of any amplitude and may be centered about any d-c voltage. The 
only requirement is that the power pulses be proportional to each other 
and to the number of turns on the winding with which they are used, 
In the example shown in Fig. 16.3, two output windings are used, 
The second power pulse is centered about d-c voltage equal to Hj, 
the peak voltage of the first positive power pulse. The maximum 
value EF», of the second pulse is 2F,, and the minimum is zero. The 
polarity of the second output winding and its associated blocking 
diode CR5 and the phase of the second power pulse are chosen so that 
the output of the second winding is a negative-going pulse whic 
starts at E, and drops to zero. Therefore, when an input is applied 
to the amplifier, a pulse of £; is obtained from the upper output wind 
ing, and a negative-going pulse, starting at + and going to zero, if 
obtained from the lower winding. A direct output is obtained from 
the upper output winding and the complement from the lower one, 
The circuit consisting of diode CR6, resistor R83, and voltage V3 sup» 
presses the no-output voltage in the same way as the circuit consisting 
of diode CR4, resistor R2, and voltage — Vo. 

More than one input winding can be used on an amplifier. Multi 
input windings are usually most advantageous in magnetic gating ¢ 
cuits (Section 16.5). It is also possible to use the bottom end of t 
input winding (Figs. 16.1 and 16.3) as an inhibiting input. ‘T 
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cathode of a diode is connected at the junction of CR2 and Rl. A 
positive pulse applied to the anode of this added diode can raise the 
potential of the cathode of CR1 above the input voltage and prevent 
input current from flowing. 


16.5 Magnetic Gating Circuits 


A magnetic gating, or coil gating, circuit is a type of SMA in which 
coils on square-loop cores are used as switching elements.*-!° Since 
magnetic gating circuits using SMAs have been analyzed in the litera- 
ture, 12 only a brief discussion is presented. 

Each magnetic amplifier has several output windings. The output 
windings of a number of amplifiers are connected in complex series- 
parallel networks, and may appear at several places in the same net- 
work. The network has two terminals. A low-impedance power 
pulse is applied at one terminal, and the load is connected to the other. 
If there is a path of low-impedance coils between the power pulse and 
the output, current flows along that path to the output. If each path 
between input and output contains at least one high-impedance coil, 
there will be no output. In many ways, the coils are analogous to 
relay contacts, and some of the techniques of relay logic can be used in 
vonstructing coil gating circuits.'* Cores may also have several input 
windings, which may be connected in series chains (in logic circuits) to 
ict as the load for a network of output coils. 

Magnetic gating circuits are advantageous in that the circuits are 
economical (a coil on a core costs less than a diode) and it is possible to 
perform more logic operations per unit delay than with the single- 
level complementer circuit. However, the wiring of these circuits is 
ore complicated than it is for the basic circuit, and the circuits have 
somewhat lower power gain because there are usually several output 
goils and diodes in any loop. 


16.6 Power-Pulse Variations 


A variety of power-pulse waveforms has been used in specific 
ipplications. The sine-wave clock is widely used to generate the 
power pulse, for the reasons discussed in Chapter 17. Other types of 
vlock waveforms have been used successfully and are briefly discussed 
below. 

A power-pulse waveform with a high positive step can be used to 
establish the current in an inductive load. A lower voltage can then 


sustain the current. This principle is used successfully to drive the 


ourrent in a coincident-current memory. 
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Improved power gain can be obtained if the reset phase power pulse 
is shaped so that the core does not operate until an input signal is 
received. Normally, an input signal is delayed until some time after 
the start of the input period (Chapter 17). Therefore, if a clock wave- 
form is used which remains at zero for 10 or 20 per cent of the input 
period before going negative, bias is ineffective until a signal is present. 
Also, the ringing effects which occur when the power pulse goes nega- 
tive are greatly diminished. 
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chapter 7 


SMA 
CIRCUIT 
DESIGN 


17.1. SMA Design Characteristics 
17.2 Idealized Power Gain 


17.4 Sine-Wave Power Pulses 
17.5 Design Method 


17.3. Factors Decreasing Idealized 
Power Gain 


Chapter 17 presents methods for calculating transfer loop character- 
\sties and power gain of the series magnetic pulse amplifier (SMA) 
circuits introduced in Chapter 16. This chapter also contains detailed 
inalysis and design procedures for this type of amplifier to enable 
prediction of circuit performance for any given set of components. 

The final selection of circuit parameters is usually a compromise 
hetween circuit performance, systems requirements, and cost. The 
(ype of coupling network that can be used between cores, the number 
of cores that must be used to accomplish a given logic function, and 
the packaging problems must all be considered. In one application, 
(liode logic, in combination with either an asserting or complementing 
umplifier, is the basic circuit. For this discussion the output power 
level for both the asserting and complementing amplifier is chosen so 
that the maximum output, 120 ma and 20 volts, can be reliably 
handled. by a single, glass-cased, gold-bonded-germanium diode. The 
amplifier requires for its input one-fifth of a standard SMA maximum 
output, and the complementer one-seventh. Any amplifier unit can 
drive any combination of amplifiers and complementing amplifiers 
intil its maximum output current is utilized. When several amplifiers 
ivive one amplifier, the load is shared. The amplifiers operate satis- 


~ fnetorily with as much as 350 yyf of output capacitance and 40 upf of 
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input capacitance, and with a wide range of component and voltage 
tolerances. The operating frequency is 707 ke, and a sine-wave clock 
is used. The power-gain bandwidth of this design is the maximum that 
can be obtained. A demonstration unit! has been built which uses a 
similar module but operates at a frequency of 2.5 mc with a power 
gain of 3. ; 


17.1 


The nonlinearity of both the core and the output diode (CR3, 
Fig. 16.3) and the complex effect of circuit tolerances make it impos- 
sible to write a simple formula for determining power gain. Instead, 
a calculation of idealized power gain, as limited only by the core char- 
acteristics and the inductance of the output winding, is first presented. 
The effect of other factors, such as diode characteristics and tole 
ances, is then discussed at an intuitive level. 

Only two output conditions are permitted for the amplifiers: ONE (0 
full output) and zero (or no output). Intermediate conditions ar 
not recognized, and may cause malfunction. For this reason, th 
constant-current sink, consisting of diode CR4, resistor R2, an 
voltage —V» (Fig. 16.3), must absorb the no-output signal of th 
amplifier, and a minimum value input must provide a full output. An 
analysis of input-output characteristics for intermediate value signi 
indicates that if a small spurious output occurs, it is attenuated to ze 
after passing through a few stages. Similarly, an undersized 0 
signal quickly builds up to full size. 

The SMA operates at a relatively low impedance, and responds 
the average value of the voltage applied during the input period, and 
therefore remarkably insensitive to noise. In fact, high-frequen¢ 
noise generally has an average value of zero over the input period. 


SMA Design Characteristics 


17.2 Idealized Power Gain 


The derivation of the maximum idealized power gain of an SMA 
based upon the following assumptions: 


1. All diodes are ideal. 

2. Windings have no resistance. 

3. The inductance of the input winding is negligible. 

4. The load is several identical cores with input circuits in parall 

5. A square-wave, low-impedance power-pulse source is used; t 
voltage E of the positive power pulse is just large enough to switch t 
core from the zpro state to the ONE state in time 7’. 


SMA Circuit Design 281 


6. The maximum idealized power gain is limited solely by the prop- 
erties of the magnetic material and the inductance of the output 
winding. 


Analysis. In the basic complementing amplifier circuit (Fig. 16.1), 
the core is assumed to be in the ONE state at the start of an output 
period. The output voltage-time integral must be calculated. 

To switch the core from the remanent ONE state to saturation, and to 
establish the output current J in the air inductance of the output wind- 
ing, part of the voltage-time integral of the positive power pulse 
\uppears across the output winding instead of across the load. If u is 
defined as the fraction of the power-pulse voltage-time integral remain- 
ing after switching the core to saturation, then 


Ou — Ps 2s — Pu 
Ps * Ps 


where maximum flux @, and switching flux ®gs are consistent with the 
hysteresis characteristics peculiar to SMA operation (Section 17.5, 
Wig. 17.3). 

If Imax i8 defined as the maximum current which the positive power 
pulse could establish in the air inductance ZL of the output winding, 
(hen 





u=1 (17.1) 


Ewpt 
L 


Where Z(4) is the positive power-pulse voltage, and 7’ is the duration 
of the positive power pulse. 

The actual shape of the output voltage waveform depends upon the 
(ype of load and the exact shape of the hysteresis loop between the 
ON state and saturation. Calculations are made using both a linear 
nd an exponential relation of 6 to H under a resistive and constant- 
vurrent load. The results show that, to a first approximation, it 
(un be assumed that the output voltage is a square-wave pulse, with 
the coil voltage-time integral removed from the leading edge. The 
uration of the output pulse 7'p is then 

|) 
baa 


‘he output is therefore a rectangular pulse of amplitude J and duration 
1's, . 

‘l'o calculate the input power, let Zs be the input current required to 
switch the core in time 7' and J, the current to switch the core in time 


Tinax = 





(17.2) 





Ty =T ( = (17.3) 


j 1's, 
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Peds (7) (17.4) 


where a@ is the exponent which approximately relates mmf or current 
to switching time (Chapter 4). 

The expression for J, is accurate for values of 79 near T’, if @ is 
chosen as a function of JT. Then 





fe Ts (« doad y (17.5), 


Tmax 


Let K, be the power gain. Then 





gids gt (u- i y (17.6): 


i Ie 


Tmax 


Maximizing with respect to J, the output current for maximum power 
gain is 








WE se 
= pe (17.7) 
Then ) 
I 1 a « 
— “max (a1) : 
K pmax - (- aa :) (- = :) u (17.8 


The following expressions and eq. 17.2 are substituted in the maximum 
power gain equation (17.8), such that 


EqyT = Ni®s = Ni AcBs (17.9) 
_ 
is = Wr, (17.10 
a NuoAr 


t l 
where Hg is the magnetizing force required for switching, Bs is th 
switching induction, Ac is the mean cross section of the core, Az is th 
mean cross section of the output winding, yo is the permeability 
space (Chapter 2), and 1 is the mean circumference of the output winds 
ing (assumed to be the same as that of the core). Then 


as ae a : = . (a+1) 
sansa (ae) (58) (- + ;) (- + i) u (17.12 


The analysis above shows several other factors. Since the area 
the output pulse is smaller than the area of the applied power pula 
and since it is assumed that the area of the applied power pulse is j 
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sufficient to switch the core, the input winding N2 must have fewer 
turns than the output winding N1. The number of turns on the input 
winding is 


No = mz (17.13) 


I‘urthermore, the negative voltage of the power pulse must exceed the 
positive by the ratio 7/79, to keep the output circuit disconnected 
when the core is switched by the input signal. During the input 
period, the core switches in less time than during the output period. 
Therefore, the ratio of blocking voltage (which prevents energy from 
being transferred by transformer action from input to output) to 
the forward positive power-pulse voltage must exceed the ratio of the 
duration of the power pulse to the duration of the output pulse. This 
voltage ratio is obtained by returning the center tap of the transformer 
(hat supplies the power pulse to an appropriate negative voltage. 

Effect of Magnetic Material and Bobbin Geometry. Inspection 
of the power-gain equation (17.12) shows that the maximum power gain 
depends upon the properties of the magnetic material and the geometry 
of the core bobbins. The power gain of a magnetic amplifier is directly 
proportional to the ratio of switching induction Bs to switching mag- 
netizing forceH,s. Both factors are properties of the magnetic material 
und of the annealing process. 

Under optimal annealing conditions, $-mil 4-79 Molybdenum 
Permalloy has a higher value of Bs/Hs (for switching speeds between 
10 us and 0.1 us) than any other magnetic material currently available, 
including ferrites. Ferrites, in fact, have low values of Bs/Hs, and 
are difficult to fabricate in a volume small enough for high-frequency 
Operation at practical power levels. Molybdenum permalloy, how- 
over, is capable of high power gain, even though it has a switching 
jnduction of approximately 1.5 .W/mm 7, which is lower than that of 
“ome other alloys. Molybdenum permalloy also has the smallest Hs 
value of any magnetic material tested, and therefore the smallest value 
of a. (The value of Kymax increases as a decreases.) Some alloys, 
such as 50-50 nickel-iron, have values of Bs and K which are somewhat 
higher than those of 4-79 Molybdenum Permalloy, but these values 
are not high enough to compensate for the superior switching charac- 
toristics of molybdenum permalloy.? 

The power gain is also directly proportional to the space factor 
Ae/Az,ofthecore. To keep the power levels reasonable at frequencies 
Hear 1 me, only a small amount of magnetic material (of the order of 


0.2 mm") can be used. The 4-mil magnetic materials are very fragile 
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and must be supported by a bobbin during annealing and winding. For values of switching time 7's near 1 us, 
Because of difficulties in bobbin fabrication, it is not possible to reduce 
the volume of the bobbin in proportion to the volume of the magnetic 
material, and the ratio Ac/Az becomes small (of the order of 0.01). 
To keep the power gain as high as possible, the bobbins are made as 
small as possible and with thin walls. Thin ceramics are so fragile, 
however, that ceramic bobbins must have walls at least 15 mils thick; 
metal bobbins, on the other hand, can readily be made with 3-mil 
wall thickness. Consequently, metal bobbins are generally preferred 
because of their higher Ac/ Az ratio. 

Stainless steel (AISI #304) is the material most commonly used for 
metal bobbins, although almost any nonmagnetic refractory metal is 
acceptable. The metal should be free of certain alloying agents 
(especially sulfur) which could diffuse into the metallic tape during 
annealing and spoil the magnetic characteristics. Eddy current 
losses in metal bobbins are negligible compared to switching losses of 
the magnetic material. When a bobbin, with eight wraps of g-mil 
magnetic material 5 in. wide having a Bs of 1.6 .W/mm? is switched 
by a field of 0.08 at/mm, flux change in the magnetic material is over 
5000 times the flux change in a bobbin with a 3-mil wall. 

To obtain the highest ratio of Ac/ Ax with a given bobbin, the output 
winding is placed on the bobbin first. The turns are tight, touching, | 
and wound around the whole perimeter of the core. Although the 
best cross section of a core for minimum A, is circular, a circular cross 
section is not possible in the small high-speed cores. Therefore, nar= 
row tapes are used to minimize the ratio of width to depth. 

Calculation of the optimum bobbin shape must accommodate such 
factors as the bulging of the wire on the core and the thickness of the 
interwrap insulation, the magnetic tape, and the bobbin wall. The 
area of the input winding is not critical. 

Typical cores used in the range of 500 ke to 1 me consist of 5 to 20 
wraps of 32-in.-wide, 4-mil tape wound on bobbins 0.05 in. to 0.20 in, 
in diameter. The switching flux of these cores is 0.018 to 0.072 wW, 
Both a and the squareness ratio should be close to unity. For mage 
netic materials useful in high-speed SMAs, a varies between 0.5 and 
1.0, and the squareness ratio lies between 0.8 and 0.95. 

Typical Value of Maximum Idealized Power Gain. Typical values 
for 4-mil 4-79 Molybdenum Permalloy tape are: 


The exponent a = 0.72 
Switching magnetizing force Hs = 0.0377 * at/mm 
Density of dissipation Pg = 0.0497T—“*™ watt/mm?® 


At 500 ke, 7's is 1 us, and Hs is 0.037 at/mm. 
From eq. 17.1, wu is 0.90. From Chapter 4, uo is 1.257 X 10-3 
uW/at-mm. Substituting these values into eq. 17.12, 


Kpmax = 7450 


This value of Kpmax (idealized power gain) expresses the limitation of 
(he magnetic material, assuming that Ac/Az, = 1. 

A typical metal-bobbin core is 15 mils in diameter, contains 10 wraps 
of gy-in.-wide tape, has an output winding with 300 turns of #43 wire, 
und operates with a 10-volt power pulse. The output winding has a 
measured inductance of 5 uh when the magnetic material is saturated. 
he value of Ac/Az is 0.0434. If this value is multiplied by the ideal- 
\ved value of Kpmax above, a maximum power gain of 323 at 500 kc is 
obtained. The maximum power gain would be obtained at an output 
of 1.05 amp, which is too large for the wire size assumed. In a realistic 
vase, a gain of 10 to 15 at 500 ke can be realized. However, increasing 
the power level of SMAs results in higher values of Ac/ A, and higher 
power gain. 


17.3. Factors Decreasing Idealized Power Gain 


The various factors which reduce the power gain from the ideal 
{igure are discussed in this section. These factors include tolerance 
wlfects, diode and copper losses, forward and inverse recovery charac- 
(oristics of the output diode, distributed and interwinding capaci- 
(ance, and inductance of the output winding. 

Tolerance Effects. The cumulative effect of the tolerances of the 
womponents, voltages, and currents in an SMA reduces the idealized 
jower gain. The power pulse varies in both width and amplitude, 
und the total flux of the cores varies from core to core. In order to 
he certain that a noise spike does not occur at the end of a no-output 
poriod, a core with minimum flux must still be switching at the end of a 
maximum power pulse, or 


E T 
— LTRS mas < Pgmin (17, 14) 


Maximum induction difference Bu = 1.47 1«W/mm? 
1.34 «»W/mm? 
0.011 at/mm 


Switching induction Bs 


Coercive force Hg 1 
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where E(4) is the voltage amplitude of the positive power pulse (Fig. 
16.2). If this condition is satisfied, a minimum power pulse applied 
to a core with maximum flux can result in a remanent flux state con-— 
siderably short of saturation. In a complementer, if an incoming 
pulse from a preceding stage is applied during the input period, the 
core is switched to the zERo state and the effect is of no consequence. 
If no incoming pulse arrives, the bias current must switch the core to 
the oNE state so that the next output pulse is not narrowed unduly. 
The additional input power required to ensure satisfactory operation 
is a function of the tolerances of the core and the power pulse. With 
a +10 per cent power-pulse tolerance and a +5 per cent core tolerance, 
90 per cent additional input power may be required. 

The minimum allowable input current must be capable of overcom- 
ing the bias and switching the slowest core from the oNE state to the 
zERO state during an input period. To produce an output, th 
minimum bias current must be sufficient to ensure the return of th 
core to the onE state. Reasonable tolerances on the bias current 
and on the voltages and resistors of the input circuit make it necessary 
that the maximum actual input current exceed the minimum theoreti- 
cal current necessary for correct operation. A variation of +10 per 
cent in the values of resistors and voltages can reduce the power gain 
of the amplifier by 40 per cent. 4 

Diode and Copper Losses. Diode and copper losses reduce the 
power gain by a ratio of the total voltage drop to the clock voltage, 
High-frequency SMAs usually operate with a clock voltage of abou 
20 volts, and a total diode and copper voltage drop of about 4 volts 
including the drop in the logic diode. These losses decrease pow 
gain by about 20 per cent. 

In calculating the reduction in power gain caused by the forwar 
drop of the output diode, the forward recovery characteristic of th 
diode must be considered. Chapter 6 discusses this phenomenon. TT) 
a first approximation, it is satisfactory in power-gain calculations t 
use the average drop of the diode during the output period. 

Output Diode Reverse Recovery Characteristic. When the powe 
pulse goes negative at the end of an output period, the inverse recovery 
current of diode CR3 (Fig. 16.1) drives the core toward the zpRo 
state.* The bias current must overcome the diode reverse current 10 
drive the core back to the onE state. To calculate the effects of reversd 
current, it has been found reasonably accurate to use the average cure 
rent value during the input period. . 

A diode of relatively low reverse recovery current, with a d-c leaka 
current of 5 or 10 wa at —15 volts, may have an average recov 
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current of 0.5 ma over an 0.8-us period after carrying 50 ma in the for- 
ward direction. The current corresponds to a stored charge on the 
order of 300 wu coulombs or an effective capacitance of approximately 
20 uuf, although the actual capacitance of the diode is about 1 pyf. 
A diode of high reverse recovery current may have the same low d-c 
leakage but ten times as much average recovery current. 

The fact that appreciable diffusion occurs in times as short as 0.05 us 
accounts for the lower hole storage of diodes with sine-wave power 
pulses, and thus, in part, for the higher power gain with the use of a 
sine-wave clock. The gradual slope of a sine wave when passing 
through zero allows considerable diffusion of carriers. At 700 kc, 
sine-wave recovery may be one-fifth of the square-wave recovery for 
(he same peak forward current and back voltage. 

Inductance of Output Winding. The inductance of the output 
winding has been discussed in the analysis of the maximum power gain 
of the SMA (Section 17.2). The inductance of the output winding, 
ulthough dissipating no power, stores energy during the positive pulse 
period and returns this energy to the circuit only after the positive 
pulse has disappeared, when the energy cannot be used as output 
power. 

Distributed and Interwinding Capacitance. Distributed capaci- 
(ance wastes otherwise useful power. Such capacitance takes current 
from the load during the input period and returns current when the 
signal period is over. After the amplifier has delivered an output 
pulse, the energy stored in the output inductance discharges into the 
(apacitance of the output winding and into the interwinding capaci- 
(ance. The capacitance is then discharged to the output winding in 
such a direction as to switch the core to the zERo state. The input 
signal following an output must overcome this loss. The interwinding 
(apacitance determines the physical location of diode CR3 (Fig. 16.1). 
‘lhe diode must be connected to the same end of the output winding 
iu the power pulse. Otherwise, when the power pulse goes negative 
and there is no input signal to switch the core to the zmRo state, the 
iogative power pulse charges the input capacitance in such a direction 
iw to add to the following positive power pulse. Then, a maximum 
positive power pulse applied to a core with minimum flux capacity 
iy saturate the core before the end of the pulse period and produce a 
Holse spike. 

Total Effect of Factors Decreasing Idealized Power Gain. The 
aleulated idealized maximum power gain at 1 me with 3-mil 4-79 
Molybdenum Permalloy is 4000. However, the cumulative effects 


of the factors just discussed reduce the power gain, as indicated in 
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Table 17.1. The reduced power gain of 40 does not include losses 
caused by capacitance and by diode inverse recovery current. The 
power gain is further reduced to a value of about 5 to 7 when the power 
level is reduced to a value which can be handled by a single output 
diode, and when capacitance and diode effects are considered. 


Table 17.1. Loss Factors Affecting Power Gain 


Remaining 
Loss Factor Applied to Idealized Power Gain Power Gain 





Idealized power gain 4000 
Space factor Ac/Az, 0.04 160 
Power-pulse tolerance +10 per cent 

Core tolerance +5 per cent 84 
Voltage and resistor tolerances +10 per cent 50 
Diode and copper losses 20 per cent 40 





17.4. Sine-Wave Power Pulses 


In high-frequency SMAs, a sine-wave clock offers several advantages 
over a square-wave clock, particularly when single-level gating circuits 
are used. These advantages are: 


1. Reduction of losses caused by output winding inductance. 
2. Greater ease of generating and distributing clock power. 
3. Lower diode inverse recovery current. 

4. Reduction of losses caused by distributed capacitance. 


With a square-wave signal, the voltage-time integral lost because 
of the air inductance of the output winding and in traversing the 
hysteresis loop from the oneE state to saturation (Section 17.2) is 
completely lost from the output signal. This voltage-time integral is 
returned to the circuit during the next pulse period, which is the output 
period of the driven SMA, and can then be of no use in providing an 
input to the driven SMA. However, with a sine wave, the output is 
shifted in phase, and some of the area lost at the beginning of the out+ 
put period is regained toward the end of the period (Fig. 17.1c). A 
comparison between the effective area of the output signal for both a 
square-wave signal and a sine-wave signal as a function of the Q of 
the output circuit can be shown graphically (Fig. 17.1a). The mini« 
mum Q of the output circuit (Fig. 17.16), in most SMA designs 
between 0.4 and 0.8. As indicated, the sine wave has an apprecia 
greater output area (Fig. 17.1c) for these values of Q. 
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In addition, sine-wave clock power is easier to generate and dis- 
tribute. The output stage of a sine-wave clock may have a tuned 
circuit with a considerable flywheel effect, and excellent regulation of 
the sine wave can be obtained by automatic gain control (AGC) 
methods. It is more difficult to regulate a square wave, since either 
a wide-band high-power feedback circuit or high-power clamp circuits 
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must be used. Distribution is easier with a sine-wave clock, since 
only a single frequency is involved and line reactance can be tuned out. 

Generally, sine-wave operation is desirable only when single-level 
logic is used between cores, so that each core is loaded directly by 
another. If diode-resistor constant-current gating networks are used 
between cores, the current supplied to the networks must be equal to 
the peak current of the sine wave, which is greater than that of the 
square wave for the same average power. The gating networks, which 


act as constant-current sinks rather than as resistive loads, may cause 
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a large delay in output with no recovery of output voltage after the 
peak of the power pulse. 

In a basic sine-wave asserting amplifier (Fig. 17.2), all currents neces-— 
sary for the operation of the circuit (except the constant-current sink) 
are derived from the clock voltages, rather than from constant-current 
supplies as in the square-wave amplifier. In the absence of an input 
signal, the input terminal is clamped to ground through diode CR4 
of the preceding amplifier stage. The resetting clock switches the 
core to the zERO state by a current through the input winding and 


Sine-wave , 
clock 






Input 


Resetting 


clock Output 


FIG, 17.2. 


Sine-wave asserting SMA. 


resistor R1. An input pulse overcomes the resetting clock and pass 
current through the input winding into R2 to switch the core to th 
oNE state. During an output period, the input winding is discon= 
nected at both ends, since the potential of this winding rises to the 
potential of the positive clock voltage. Diode CR5 increases th 
inverse voltage across the output winding during the input period t 
allow complete switching of the core. Diode CR5 accomplishes thé 
same purpose as the introduction of a negative d-c bias in series with 
the center tap of the output transformer (Fig. 20.2) with a square-wave 
clock. However, the negative bias would shorten the positive power 
pulse if used in a sine-wave circuit, reducing power gain. 


17.5 Design Method 


A method of calculating the effective power gain of SMAs wi 
square-wave power pulses is developed in this section. The method 
also applicable to sine-wave circuits (Section 17.4). 


~ (urns requirements. 
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Preliminary Considerations. In the asserting amplifier (Section 
16.3), a bias winding, supplied from a high-impedance source, switches 
the core from the oNnE state to the zERO state during the input period. 
The design technique for this type of circuit involves setting a maxi- 
mum delay in the output voltage and a minimum value of that volt- 
age. A maximum allowable delay of the output requires that the core 
be fully switched to the onE state, and that an upper limit of the satu- 
rated inductance L of the output winding be fixed. To establish a 
lower limit of output amplitude requires that the maximum voltage 
drop in diode CR3 (Fig. 16.3) and in the output winding be known for 
the maximum rated output current. 

In an output period, when the core is initially in the zERO state, the 
positive power pulse must not switch the core beyond the ons state, 
or a spurious output may result. During the input period, the bias 
must switch the core completely to the zero state. The amplitude of 
the negative phase of the power pulse must be sufficient to permit the 
core to switch fully during the input period. Since the cores them- 
selves may vary in total flux, the following conditions are required: 


1. A maximum power pulse must switch a core of minimum flux 
from the zERO state to the ONE state (but no farther) in a pulse period. 

2. In the absence of an input signal during the input period, the 
bias must switch the core to the zrERo state. This requirement indi- 
cates that the minimum amplitude of the negative phase of the power 
pulse must exceed the maximum amplitude of the positive phase of 
(he power pulse by the amount 


Ni(@mmin — Psmin + LI) 
T 


to keep diode CR3 (Fig. 16.3) open when the core is switching. The 
notation shown in Fig. 17.3 differs from that of Chapter 4 in that the 
switching flux @g here starts from a biased condition rather than from 
yoro mmf. The minimum value of the input blocking voltage Vy, 
loss the drop in CR2, must equal the minimum value of the amplitude 
of the negative phase of the power pulse times N2/N, to keep CR1 
open during the input period. 

3. An input signal must always switch the operating point of any 
“ore up to at least the maximum ons state before the start of a positive 
power pulse. 


E(—~)min ia E(4)max > (17.15) 


‘These three conditions must be met in any amplifier design. Since 
the cores are voltage-operated, the design need only satisfy flux- 
Thereafter, the currents necessary for operation 


— 
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FIG. 17.3. Operating hysteresis loops of wound cores (including air flux of winding), 


can be calculated from experimental switching data and the power ga 
obtained. . 
The various factors to be considered in SMA design include: 


t 


1. The power-pulse voltage and the maximum output current 
maximum values are set by the forward current and the back-volta 
ratings of diode CR3 (Fig. 16.3). 

2. The tolerances on the amplitude and the duration of the pow 
pulse. ' 
3. The variation of the switching flux of the individual cores. 

4. The tolerance on input blocking voltage V1. 

5. The maximum allowable diode drops under maximum load. 

6. Diode leakage currents and inverse recovery currents. 

7. The flux change from the onE state toward ONE saturation duri 
the period required to reach maximum output current. 


Design Equations. The output pulse can be regarded as a re@ 
tangular pulse of width (1 — p)T,, where T is the whole output peri 
p lies between 0 and 1, and pT is the output delay time resulting fr 
the flux change in the core from the ONr state to ONH saturation 
from the flux change incurred by the inductance of the output wi 
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ing. The value of maximum delay time p7' is chosen arbitrarily; 
however, experience shows that a value of p between 0.15 and 0.25 
yields maximum power gain, using $-mil 4-79 Molybdenum Permalloy 
tape. The corresponding squareness ratio is about 0.9. 

It is not practical to solve for the optimum values of p and the 
squareness ratio directly; it is best to assume a few values in the indi- 
vated range, and perform trial solutions. Since the maximum ONE 
atate of the core depends upon both the flux-mmf characteristic of the 
core used and the value of input current, the designer can control this 
state to some extent. 

At the beginning of an output period, a core may be in the zERO state. 
A minimum power pulse changes the flux state an amount E(4)minT’/N1 
to point 1 on the hysteresis loop (Fig. 17.3). Because of the delay of 
output from the preceding amplifier, the bias current may change the 
flux state toward zero by an amount E(4)max7'/N1 to point 2 on the 
hysteresis loop in the next input period before the input signal arrives. 
The input signal then must overcome the bias to switch the core from 
point 2 to the ons state in the remaining time (1 — p)T. 

The voltage requirements for the amplifier are as follows: 


1. The minimum negative voltage needed for switching at the out- 
put winding is 
Ni(®mmax = ®gmax) + N1®gmin + LI 


E(—)min = T (17.16) 





he minimum negative power pulse must be at least equal to this 
value in order to keep diode CR3 open. 

2. If Vimin is the minimum value of input blocking voltage Vi, the 
input winding blocking voltage available to allow switching is Vimin — 
Viromax, Where Vpomax is the maximum voltage drop in CR2. This 
voltage must equal the output winding minimum voltage for switching 
iw related by the turns ratio, so that 


N N ax max Nie min LI 
r (V min mm V p2max) TH ae *s - & ar us (17.17) 


‘vy 





8. The positive voltage that the signal must induce in the output 
winding to change the flux state from point 2 (Fig. 17.3) to the ONE 
slate in time (1 — p)T is 


N:®gmax — E(+yminT + E(—)maxpT 


ey (17.18) 
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4. If Vimax is the maximum value of input blocking voltage Vi, 
the input signal voltage available to switch the core to the ons stateis 


E(+)min a Vosmin r= Vimin aki Voimin ha Vimax 


where Vpimin is the voltage drop in CR1, and Vzmin and Vpsmin are 
the drops in the output winding and the output diode CR3, respec- 
tively, of the preceding core. This voltage is the excess of signal 
voltage over Vimax that is available to switch the core to the onE state. 
Using the turns ratio, the voltage must equal the voltage given by 
the previous expression. Thus, 


Mi 
No (E+) min — V pamin re Viimin ma V pimin = Vimax) 


_ Ni®gmax — E(+yminT + E(—ymaxpT 
i- pT 
Solving for N,/N, and substituting, 


Ni(®umax ae Pgmax) ae LI = 


pT 
Ei (+) min 


yields the turns ratio of the output to input windings as: 


M 
N2 
E(tyminT + Ni®gmin a Ni®ginax — E(4)minT + E(—~)maxpT 
be T Gd — pT 
~~ Ecyymin — Virmin — Voimin — Vpomin — Vosmin — (Vimax — Vial 


(17.21) 


This equation expresses the turns ratio necessary for an SMA opera 
ing under the assumed conditions to ensure that outputs are no’ 
attenuated while progressing down a chain. 

The maximum allowable output winding inductance can be deter 
mined (eq. 17.20), since all of the quantities except L have bee 
chosen. Since the permissible inductance is known, the number 6 
turns on the output winding can also be calculated. Because thi 
power gain is directly proportional to the number of turns on the out+ 
put winding (when output current is diode-limited), the bobbin must 
be shaped to give the best possible space factor and therefore t 
maximum number of turns. 

The number of turns on the output winding determines the num 
of wraps of magnetic tape that must be used to give the co 
switching flux. If the required amount of tape cannot be put on 
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assumed bobbin, a bobbin with a deeper flange must be used and the 
number of output winding turns recalculated on the basis of the allowa- 
ble inductance. Where a bobbin fulfilling the requirements is a 
physical impossibility, the permissible delay time p7' must be increased 
to accommodate a larger bobbin cross-sectional area and, conse- 
quently, a larger output inductance. 


0.20 





Constant- 
current. 
$5 /By, = 0.95 ‘3, switching 


0.15 


0.10 


0.05 


Final Magnetizing Force H (ampere-turns/millimeter) 


0 1 2 3 4 5 6 
Reciprocal of Time (microseconds 1) 


"iG. 17.4. Magnetizing force versus time, constant-voltage switching of $-mil 
molybdenum-permalloy tape core. 


Only the input current required to operate under the assumed values 
of the switching flux and p7' remains to be checked to determine opti- 
mum design, which is indicated, of course, by a minimum input 
urrent. 

The peak magnetizing force necessary to switch j-mil 4-79 Molyb- 
(enum Permalloy tape under constant-voltage conditions has been 
(lotermined experimentally (Fig. 17.4). A curve for constant-current 
switching with a squareness ratio equal to 0.9 is plotted in the same 
{igure for comparison. 

The bias current must switch the core the distance ®gyjn in time 
(1 — p)T, since the core requires time pT to return from saturation to 
ihe on state if there has been an output. Although the bias current 
ja a constant current, the switching of the core must be regarded as a 
“onstant-voltage switch, since diode CR1 or CR3 (Fig. 16.3) may con- 
duet during the switching time, thus limiting the voltage across the 


wore, The appropriate magnetizing force necessary for switching can 
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be obtained directly (Fig. 17.4) for time (1 — p)T and the assumed 
value of the squareness ratio. 

The input signal must overcome the bias, and, if there has been no 
output during the previous output period, must supply the mag- 
netizing force to switch the core from point 2 to the one state during 
the signal time (1 — p)7’. This requirement defines a rate of change of 
flux which can be regarded as an equivalent longer switching time 


/ eng ON (17.22) 
Pq 

where @Q is the flux change from point 2 to the ong state. The neces- 
sary mmf can then befound by means of the data in Fig. 17.4, for the 
value of 7’; and the assumed squareness ratio. The total mmf that 
the input signal must supply is equal to the sum of these two quanti- 
ties. The dimensions of the core and the number of turns on the sig 
nal winding are known, and the total input current can be calculated, 
The value of input current determines the maximum value of the input- 
current limiting resistor R1 (Fig. 16.3). 

At the end of an output period, when the power pulse goes negative, 
the output diode CR3 passes large transient inverse currents, which 
tend to switch the core toward the zERo state. If an output is desired 
during the next output period, the input signal must overcome the 
diode inverse current to maintain the core in the onrE state. For= 
tunately, this inverse recovery current only occurs when the amplifi 
has produced an output pulse and the core is in the one state. T 
input signal is not required to switch the core from point 2 to the on 
state (Fig. 17.3), and is therefore available to overcome the inve 
current on the output diode. 

A check should determine whether the mmf due to the avera 
inverse current of CR3 during a signal period exceeds the input signal 
mmf necessary to switch the core from point 2 to the onz state, If 
the mmf exceeds this value, then the average inverse current of th 
diode is the limiting factor of the power gain, and more input sign 
current must be allowed. Even if all other elements are perfeot 
and without loss, the power gain of an SMA can never be greater than 
the ratio of forward to inverse current of the output diode at the 
operating frequency. {i 

The input current equals either the current calculated above, 
Ni/N2 times the average inverse recovery current, whichever is lar 
The power gain is the assumed value of output current divided by 
calculated value of input current. A few other values of ®gmmax and p 
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should be chosen and the power gain should be recalculated until the 
optimum turns ratio is found. 

In many cases, the input signal to a core cannot be regarded as 
constant voltage; there may be several resistive or reactive elements 
between the power-pulse source and the input windings which modify 
the input-signal waveform. In such cases, the switching action of the 
core lies between a constant-current switch and a constant-voltage 
switch, and the concept of the input signal as a square pulse of duration 
(1 — p)T is only approximate.‘ 
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chapter ] 8 


18.1 Functional Characteristics of 
SMA Basic Circuits 


18.2 Logic Elements 


18.3 Derived Shifting Elements and 
Counters 


18.4 Serial Binary Adder 
18.5 Input-Output Buffering 


Chapter 18 presents procedures for logical synthesis of circuits and 
devices utilizing the series magnetic pulse amplifiers (SMAs) discuss 
in Chapters 16 and 17. For the purposes of this chapter, very el 
mentary applications of SMAs in logic circuits are developed. T 
SMAs can be applied in highly sophisticated logic; complete computi 
systems have been built using as few as 60 and as many as 3000 cores, 
The basic terminology and logical design practices are discussed 
Chapter 7 and in the literature.! 

Certain basic logic elements are required to synthesize any logi 
configuration. The Sheffer stroke (a’ v b’) or its dual, the Peireé 
stroke (a’b’), are sufficient elements to construct any logic configur: 
tion. However, it is usually inefficient for the logical designer to wor 
with the stroke element as the only tool, particularly when deali 
with circuit devices characterized by considerable delay, such a# 
SMAs. Although it is possible to construct all logic configurations 
from the Nor and AN» functions, or the Not and or functions, as t 
primitive set, it is far more economical to employ three basic elemen 
the anp, or, and nor elements, in SMA logic, and an INHIBIT eleme 
in special applications. 


Another basic consideration in the design of SMA logic circuits 
298 
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the number of phases generated by the master clock (power-pulse 
source) per basic clock cycle. A clock with a number of phases per- 
mits many more logic operations for a given clock rate than can be per- 
formed in a system with few clock phases. However, a system with 
more clock phases may require additional basic SMA elements to con- 
struct derived elements, such as flip-flops and binary counters. 

Chapter 18 is confined to a discussion of SMA systems using a two- 
phase clock with 50 per cent duty ratio for each phase. The phases 
are designated phase A and phase B. One phase is the input phase to 
an SMA; the output is delivered during the next phase. Hither phase 
may be used as input, with the output delivered a half-cycle later on 
the next phase. 


18.1. Functional Characteristics of SMA Basic Circuits 


In the SMA applications discussed here, most of the logic is per- 
formed externally to the core by diode gating. The core, in these 
oases, is used only for amplifying, reshaping, retiming, and sometimes 
complementing purposes. 

In many applications, logic manipulation of the power pulse is highly 
desirable. For example, the use of only one SMA to produce varying 
delays, depending upon the frequency of power-pulse application, is 
an obvious advantage. The discussion in this chapter, however, 
assumes that conditional power pulses are not available. 

Basic SMA Circuits. The two basic high-speed SMA circuits for 
digital applications are the complementing SMA and the asserting 
SMA (Chapter 16). The symbols for these circuits (Table 18.1) 
include an indication of the phase of the output pulse, Ph-A or Ph-B. 
In the two-phase system discussed in this chapter, a Ph-A output line 
oan only connect to a Ph-B input and vice versa. 

If a Ph-B one input is supplied at x of the asserting SMA, a oNE 
output is produced at y on the next Ph-A. If a zERo input is supplied 
4 @ on a particular Ph-B, the following Ph-A produces a zERO output 
at y. Conversely, a Ph-B one input appearing at x of the comple- 
inenting SMA does not produce a ONE output on the following Ph-A. 
A onn output is produced at y only when the preceding Ph-B input 
Al w is @ ZERO. 

he number of SMAs that can be driven by a single SMA is often 
the most important parameter in determining the method of imple- 
menting a given function. For a typical system, if a single SMA 
produces 35 drive units at its output, and if an asserting SMA requires 


7 units at its input and a complementing SMA 5, then a single driving 
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Table 18.1. SMA Logic Symbols 


Name Symbol 
Complementing 
SMA (NoT 
function). [> Ph-A 
Asserting SMA 


Pulse line 


Multiple inputs 


Pulse line to 
INHIBIT input 


q—_—_———_o 


Special INHIBIT 
element 


Special shifting 
element 


a 
=>: 
c 

d 
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Table 18.1 (continued) 


Denotation Name Symbol Denotation 


The circuit of Fig. 16.1 or it 
equivalent is implied; the driv 
phase employed is indicated b 
the symbol at upper right ( 
this case Ph-A indicates phasi 
A). 





Special delay An element logically equivalent 
element to the asserting SMA is im- 
plied; the notation represents a 
more economical design capa- 
ble of driving only one other 


The circuit of Fig. 16.3 or i element. 

equivalent is implied; the driv Diode AND gate ~))— The usual diode anv gate is 
phase employed is indicated by implied. 

the symbol at upper right 

this tie Ph-B indicates pha Diode or gate Diodes connected in the usual 
B) . —)}— fashion for performing oR are 
Pulse line as shown provide implied. 


input to asserting SMA; secon 
pulse line shown receives ou! 
put; no arrows are used; 
lower case letter identifies iI 
puts and outputs (in this ca 
a and NOT a respectively). 
Any of the input pulses will 
amplified; the SMA shown pe 
forms an or function (€ 
avbvcva). 
An open circle on the SM 
symbol indicates that the pull 
line terminating at the ciré 








ircuit may supply the full input power to drive 7 complementing or 
f asserting SMAs. 

If two or more SMAs simultaneously supply a positive pulse to the 
\nput of another circuit, each of the SMAs supplies a share of the 
witching power required by the load. This sharing occurs only if all 
if the driving circuits supply a OnE input to the load. If only a single 
ON» input is present, it must supply the entire switching power. 

‘lo make use of the load-sharing feature, it is necessary first to 
#xumine all possible configurations of the inputs to a given circuit, and 
then to establish the worst case for each of the driving cores. To 
performs an rNHrerr funeth iletermine the maximum drive supplied by each core in a computing 
on the other inpuam ayatem, all possible states of the computer must be examined. As a 
SMA. : jructical matter, this analysis is impossible, and simplifications must 
The circuit of Fig. 16.3 used \herefore be made, and certain sections of the system considered inde- 
described in the text is jendently. Such a calculation (usually performed by a computer) 
plied; drive phase may be i fii save about 15 per cent of the total core count in a computer. The 
cated as with any other 8M ' \imo Of specially designed circuits which produce higher output power 
dots are used to indicate Poe tin be considered. When there is insufficient power to operate the 
tive polarity; function , (Iviven cores, it is necessary either to parallel the driving core or to use 
formed is rvuiBiT (¢ = 4 b). nother type of core supplying more output power. 

A cireuit with twa oe b Variations of Basic Circuits. Variations in the design of the basic 
ae aus gee tat fd): y imworting SMA and complementing SMA are of limited but important 
nine Paneer ais . tie in the logical design of a system, and can be derived from the cir- 
tional passive delay of onesh fits described in Chapters 16 and 17. A shifting element (Table 18.1) 
cycle, ( useful configuration for shift registers. Four inputs to the shifting 
Hlements must be considered. Conventionally, the uncircled input 
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of the upper pair of inputs in Table 18.1 is used as the input from the 


previous stage. The circled input is a control input used to gate the 
input from the previous stage. The uncircled input in the lower pair 
is used as a recirculation input, and the circled input gates this recircu- 
lation input. The two control lines are used in a push-pull fashion, 
except when the shifting elements are cleared. The square box, which 
receives the output of the SMA, is a special device used only as a half 
cycle delay unit. 


A delay element has the same functional properties as the basi 


SMA (Table 18.1), except tha 
the delay element may be com 
nected to only one other element, 
It is especially useful in the com 
struction of recirculating registe 


Ph-B 
a c 
a 


A B.A. BA.B 








(Section 18.3) or of other element 
a requiring a delay of appreciabli 
length. 
b The two-input, two-output in 
hibiting element (Fig. 18.1) is 
e powerful tool for the logical dé 
signer. The output ¢ and i 
e complement c’ are available ang 


a form of direct simple gating m 
be accomplished on the input | 
follows. During Ph-A, if there 
a ZERO input at a, the amplifier responds to an inhibit at b. D 
Ph-B, c is the same as the b input and c’ is the complement of c. 
there is a ONE input at a during Ph- A, the amplifier does not respond t 
a b input, and ¢ is a zeRo and c’ a oNE during Ph-B. The circuit of. 
two-output asserting amplifier (Fig. 16.3) is used to perform this fun¢ 
tion, with the +V terminal used as a, the input terminal as b, th 
positive output terminal as c, and the negative output terminal as é 


FIG. 18.1. Special SMA rnurBIT ele- 
ment and waveforms. 


18.2 Logic Elements 


Although logic elements can be synthesized by using cores onl 
much more logical flexibility and lower cost. can be achieved in thet 
circuits by employing diodes to gate signals between elements. 

Diode Gating. The insertion of three levels of diodes bet 
elements in an OR-AND-oR array provides excellent flexibility. 
ever, the use of three levels of gating introduces major enginee 
problems. ‘Therefore, it is desirable to consider a smaller number 
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diode levels. Reduction to two levels does not affect design technique 
appreciably. Reduction to a single diode level, on the other hand 
generally requires a different approach to the logical design of a syiteaie 
By reducing to single-level logic, the designer is able to raise the 
basic clock frequency by as much as 50 per cent. (because single-level 
diode networks have less attenuation than multilevel networks) 
Also, a single-level diode structure is much simpler than a two-level 
structure, and the advantages realized more than offset the cost of the 
additional SMAs required. 
AND-OR-NOT-INHIBIT Elements. 
ire used in SMA systems. 


The and, Not, and rnurBiIT elements 
ry. 
The AND or or elements are shown in 


Ph-A 






a a 

b b 

e Ph-A ‘ Ph-B 

q Output d Output 
« 

/ f 

" 8 


(a) 


"NG, 182. Diode logic: (a) two-level anp-or; (b) single-level aND-oR using 
#omplementers. 


Table 18.1. The half-moon symbols in the figure indicate diode net- 
works. Any reasonable number of inputs, typically up to 32, can be 
#onnected to the diode networks. 

An AND-oR combination with two levels of diodes between SMAs 
(I'ig. 18.2a) is more flexible than the single-level diodes. The number 


(b) 


of inputs to the AND elements can vary up to a reasonable maximum 
J 


Which is typically fewer than 32. The number of inputs to the or 


we can also vary, but the average number is typically between 
Yand 3. 
(un drive more than one or element. 
tion (Fig. 18.2b) must have additional SMAs, and requires a longer 
(ime interval to accomplish the same amount of logic as the two-level 
AND-oR combination. 


In certain circumstances, the output of a diode anp element 
A single-level AND-or combina- 


‘The Nor function is performed by the complementing SMA element. 


The tur function is performed by the special SMA rtnutBiT element. 


EXCLUSIVE OR Elements. excLUSIVE oR elements are useful in the con- 
Wwuction of such subsystems as adders, comparators, and counters. 
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K, oust yi ae asi 2 es an complementing element must be sup- 

ih . outputs are required on the same phase. Set 

_ ool and reset are. accomplished on different phases. Standard design 

Output <t practice for single-level logic is for most signals to have one polarity 

: (ab’ v ab) “ sia on one phase and the opposite polarity on the next phase. Therefore 
‘ : ‘ety a the reset input to this flip-flop usually requires an additional basic 


i i, SMA element when used with single-level diode logic. 


FIG. 18.3, EXCLUSIVE oR elements. (a) Two-level logic with INHIBIT element, 
(b) Single 1-level logic with basic SMA elements. 


These elements may be derived by using two-level diode logic with an 
INHIBIT element (Fig. 18.3), or by using single-level logic with basi 
SMA elements (Fig. 18.3). 


Output 
(complement) 







Output 
Complement 
18.3 Derived Shifting Elements and Counters input 
Other logic elements that can be derived from the basic elements J 
described include flip-flops, binary counters, and shift registers. 
Flip-Flops. Flip-flops are formed by connecting two SMAs in suc 
a manner that the output of each is connected to the input of the othe 
One type of flip-flop (Fig. 18.4) is formed by combining two INHIB 


elements. The flip-flop can be set or reset and an output obtained Bipafantanie Output 
either phase. Both polarities of both phases of the flip-flop output as (complement) 
available. Regardless of the state of the flip-flop, a oNE into a 
input produces appropriate ONE outputs. Similarly, a ONE into 
reset input produces appropriate zERO outputs. With no furt Complement + 

input Output 


input, these outputs continue to occur until the next input. If 
and reset inputs are ONEs simultaneously, the reset input overrides. 
Another type of flip-flop is formed by combining two complement 


(b) 


Ph-B 
Reset Ph-B pulse 
ese ceemcceae es 18 a ese ‘co ; "6, 18.5, Binary counters using (a) 1nHIBIT elements and (b) basic SMA elements. 
Set Ph-B ag 
Ja E ie Counters. Counters for SMA computer applications are of three 
& set a Output qeneral ty pes: binary, binary-coded decimal, and decimal. A binary 
3 founte ip- : s : ‘ 
z .. : re flip flop element with a single input which serves to com- 
Reset Ph-A a | nt the previous output every time a ONE input occurs. <A binary 
2 . . 
} Es #ounter can be formed by combining two rnureir elements (Fig. 
Oo ( 
Set Ph-A x 14a). In this counter, the occurrence of a ONE input causes output 


) to be complemented. If the input is a zero, there is no change in 
Milput O. 


A similar binary counter can be formed by employing single-level 
logio and basie SMA elements (Fig. 18.5b). However, both polarities 


(a) (b) 


FIG. 18.4. Flip-flop elements using (a) inurBrT elements and (b) basic § 
elements. 
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of the complement input are required in this counter which may 
need additional SMAs. Actually, the number of elements required 
increases rapidly as the number of parallel stages increases, if it is 
desired to step the counters at the clock frequency. i 

Binary-coded decimal counters are formed using the flip-flops, 
binary counters, and diode gating elements described above. Decimal 
counters are constructed by connecting standard flip-flop circuits in 
ring. 

Shift Registers. The SMA is prohibitively expensive for bul 
storage. However, it is often desirable to provide registers for interi 


Shift 





Recirculation 


FIG. 18.6. Shift register. 


storage of small amounts of information; flip-flops may be used for th 
purpose. It is also often desirable to be able to shift informati: 
between storage elements; this capability can be implemented 
the use of a shift register. In its simplest form, this register consist 
of an appropriate number of SMA elements connected as a delay li 
An input gate and a clear gate are inserted at the beginning of t 
chain of elements. If this type of register suffices, then the spe¢ 
delay element (Table 18.1) can be used. 

A register which can either shift or hold its contents, upon comma 
can be formed by inserting logic elements between successive flip-flo 
(Fig. 18.6). In the illustrated register, onEs must exist in either 
shift line or the recirculation lines, but not in both. The register 
be cleared by shifting information off the end of the register or 
eliminating the inputs on the shift and recirculation lines sim 
taneously for one phase. Since the use of flip-flops is an expensi 
method of storage, a special shifting element has been designed ft 
this application (Table 18.1). 


18.4 Serial Binary Adder 


A typical serial binary adder can be formed by combining twoel 
diode logic with rnumrr elements (Fig. 18.74), There are t 
inputs, a, b, and the previous carry c. Initially, a, b, and ¢ are app 
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ilode logic with SMAs (Fig, 18.8). 
foquires more SMAs and diode gates. 
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(a) 


(b) 


"NG. 18.7. Serial binary adder using 1nuHIBIT elements. (a) Logic diagram and 


(b) truth table. 





FIG. 18.8. 


Serial binary adder using SMA elements. 


(0 tNuIBIT elements to provide normal and complementary outputs of 
(he appropriate phase. These outputs are then combined.as shown, 
to produce the sum s4 and carry ca, in accordance with the truth 
table (Fig. 18.76). Appropriate inputs can also be added for control 


Purposes. 


Another binary adder is shown formed by combining single-level 
However, this serial binary adder 
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18.5 Input-Output Buffering 


Frequently, SMAs are connected to circuits which are not syn 
chronized with the clock. The logical design of SMA systems must 
include the acceptance of asynchronous data and the matching of 
outputs to other devices. 

Synchronizing Inputs from Other Circuits. Whenever circuits sup 
plying inputs to an SMA are not synchronized with the clock, the lead 
ing edge of the signal may arrive at any time with reference to a cloe 
pulse. Consequently, an SMA may be partially switched, producing 
partial pulse at its output. This partial output is transmitted to a | 
of the elements driven by this element, causing partial pulses to b 
propagated, and eventually building up to a full one or degeneratin 
to a zERO. To prevent this occurrence, such inputs are synchronize 
with the clock by gating the inputs with some recurring pulse of 
repetition rate lower than the clock frequency. This recurring puls 
for example, can be generated at a submultiple of the clock frequene 
which might be a word time. The gating circuit is designed to ger 
erate one and only one pulse, which is synchronized with the clock. 

Various input pulse durations must be considered; pulse duration 
shorter than one word time, longer than one word time but less tha) 
two word times, and longer than two word times are possible. Ff 
pulse durations shorter than one word time, if a clock pulse recurril 
every word time is available for synchronizing purposes, the uns 
chronized input pulse is applied directly to the set input of a flip-flo 
The output of this flip-flop is gated by the word-time pulse. Th 
output of the gate is then applied to the set input of another flip-flo 
and the output of the second flip-flop is gated by the same word-ti 
pulse. The output gate of the second flip-flop then delivers a p 
synchronized with the clock, which can also be used to reset be 
synchronizing flip-flops. The period of recurring pulses for gat’ 
must be chosen so that a partial pulse applied to either flip-flop eith 
builds up to a ONE or degenerates to zERO in one word time. 

An input pulse longer than one word time but shorter than two 
applied directly to a gate; the other input to the gate is the word-titt 
pulse. The output of this gate is applied to the set input of a flip-fl 
and the output of this flip-flop is gated by the word-time pulse. 
output delivers a pulse synchronized with the clock, which is used 
reset the flip-flop. 

For further analysis of this second case, it can be assumed that t 
leading edge of the input pulse occurs at some time other than du 
the word-time pulse. Then, at the next occurrence of the word- 
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pulse, the flip-flop is set with a pulse of full area, and at the next recur- 
rence of the word-time pulse, the output gate of the flip-flop delivers a 
full oNE which resets the synchronizing flip-flop. It is assumed that 
the flip-flop is designed in such a way that the resetting pulse occurs 
later than the setting pulse, so that even if the set gate operates again, 
the flip-flop remains reset. If it is then assumed that the leading edge 
of the input signal occurs during the word-time pulse, the flip-flop is 
partially set. If, during the next word time, the output of the flip- 
flop builds up to a full onz, then the situation is the same as that just 
described. However, if the output of the flip-flop is a zero during the 
next word time, the set gate of the flip-flop operates a second time, this 
(ime setting the flip-flop with a full onz. The output gate of the flip- 
flop operates at the end of the next word time, delivering the required 
output pulse. 

In the third case, the input pulse duration is longer than two word 
times. Synchronizing such a signal is accomplished much as described 
tbove; however, the problem in this case is to restrict the flip-flop to 
delivering one and only one output pulse. The signal can be trans- 
formed into one of the two types mentioned above by means of differ- 
ontiating circuits. If this approach proves to be impractical, an 
oxtra flip-flop can be used to reject all but the first of the train of 
pulses. 

Driving Other Circuits. In many cases, when it is required that 
NMAs operate external equipment, it is desirable to generate a d-c 
level. This generation is accomplished by oring together the outputs 
of two SMAs of opposite phase. In a typical application, this output 
may then drive relays through a filter circuit. In other cases, the SMA 
Output may only be required to set a vacuum-tube or transistor flip- 
flop. The only concern in this case is supplying a signal of sufficient 
(luration, which is usually not difficult. 

Another type of output device which is sometimes driven is a mag- 
otic amplifier not connected to the clock. An amplifier of this type 
tiny be used as a one-core-per-bit memory, and may be read at ran- 

(lom, having once been set. Again, the main problem in driving this 
particular amplifier is generating control signals of the necessary 
(uration and phase. 
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19.3 High-Power Square-Wave 
Power Supply 


19.1 Power Supply Requirements 
19.2 Design Procedure 


The basic concepts, circuit design analysis, and logical design 0 
series magnetic pulse amplifiers (SMAs) for high-speed circuits a 
presented in Chapters 16, 17,and 18. The purpose of this chapter is 
describe the procedures for analyzing and designing a power supply 
generate the operating voltages for SMAs. 

The pulse power supply or clock source considered in this chapt 
has low output impedance, necessary for proper operation of SM 
This type of supply is a constant-voltage pulse power supply as oppo 
to a high-impedance constant-current power supply. A constan 
voltage power supply is necessary because SMAs are connected 
parallel. If the voltage were not regulated, variation in load wo 
cause variation in the voltage delivered to the SMAs. 


19.1 Power Supply Requirements 


Changes in the power pulse both in width and in amplitude have 
serious effect on the power gain of SMAs (Section 17.5). Therefo 
the power pulses must be carefully regulated. In general, it is im 
tant to keep the voltage-time integral of the power pulses constant 
effect the required flux changes in the associated magnetic core. Sin 
it is relatively easy to stabilize the frequency of a recurrent wavefo 
or the width of the pulses, the problem is essentially one of maintain 
constancy of voltage output for variations in load and supply voltagt 

*Now with Radio Corporation of America. 
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If minor variations of rise time are not important, it is adequate to 
minimize these variations by controlling the area of the output pulse; 
if they are important because of synchronization needs, separate means 
must be employed for control. 

The waveshape of the power pulse is not critical; considerable varia- 
tion can be tolerated if the voltage-time integral remains constant. 
The voltage-time integral of the power pulse must be sufficient to 
completely switch the appropriate cores, and to bias the appropriate 
circuits. 

When rapid rise times of current are required, a power pulse may be 
employed which is peaked on the leading edge to establish current 






Power pulse 





Blocking pulse 


FIG. 19.1. Peaked power pulse for fast rise time of output current. 


rapidly through the circuit inductances (Fig. 19.1). The total area of 
(he positive portion of the waveform is equal to the voltage-time 
integral required to completely switch the cores. The only restric- 
(ions on the amplitude of the initial portion of the waveform are the 
Maximum allowable switching current when the amplifier is in the 
high-impedance state, and the ability of the load to withstand the 
possible high voltages generated in low-inductance circuits. 

Means must often be provided in the power supply design to syn- 
thronize the pulse supply with external signals. In a magnetic com- 
puter, these signals might be generated by a drum memory which 
witablishes the operating frequency of the computer. For memory 


‘pplications, it may be required that the pulse power supply generate 


fi sequence of output pulses upon receipt of an input trigger signal. 


19.2 Design Procedure 


Design of pulse power supplies at high frequencies is a compromise 
between conflicting requirements, and the final design is usually the 
result of many trial circuit configurations. The following discussion 
prosents the detailed design procedure for the output stage of pulse 
power supplies, including the output transformer, and describes the 
ieans used to regulate the power pulses. 
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(It should be noted that high-power transistors are replacing vacuum 
tubes in pulse power supply applications. However, many existing 
control and computing systems utilize vacuum-tube power supplies to 
generate the power pulse. Therefore, this section is based primarily 
upon the design considerations for a vacuum-tube supply. These 
same considerations are, however, generally applicable to transistor 
supplies.) 

Output Stage. The output stage of a pulse power supply operates 
at the highest power level, and any shortcomings in this stage are prop- 
agated back to the input circuits, increasing unit size and raising 
power consumption. If a pulse power supply of two output phases is 
used, push-pull output stages are usually employed to enable regulation 
of both phases. The output tubes are operated from approximate cut- 
off to zero or slightly positive bias for maximum plate efficiency. 

The important factors to be considered in the design of the output 


stage of a high-frequency power supply, such as a square-wave supply, 
are: 


1. Power output required and rise time of power pulse. 

2. Total distributed capacitance in output circuit (tube capacitance, 
transformer capacitance, regulating-circuit capacitance, and reflected 
load or distribution-line capacitance). 

3. Driving power required for output stage. 


In a square-wave pulse power supply, the output-stage power 
requirements depend not only upon the power output required, but 
also upon the rise time of the power pulse. The increase in power 
required as a result of decreased rise time is caused by undesired dig- 
tributed capacitance. If tubes and other components with zero dis+ 
tributed capacitance were available, rise time would present no pro 
lem until the effects of load inductance and transit time becam@ 
evident. Since this is not the case, suitable power supply capabilit 
must be available to charge stray capacitance. 

Output Transformer. The output transformer is a most important 
factor in obtaining efficient generation of rapid rise time output signals, 
For this reason, output transformers of pulse power supplies are more 
closely allied to pulse transformers! than to power transformers. 

With a resistive load, the output of the pulse power supply is at 
exponential (rather than a linear) waveform. Rather than make the 
plate load impedance small enough to achieve the required rise time by 
keeping the time constant short, the output waveform is clipped — 
regulated at the maximum ratio of output power to rise time. ‘T 
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method of regulation results in minimum input power for the desired 
rise time, and therefore minimum tube current. 

Solution of the exponential waveform gives a maximum ratio of out- 
put power to rise time when the rise time is 1.25 timeconstants. There- 
fore, the turns ratio of the output transformer should be such that the 


Clipping level. -- ibs ke Ms 
0 bias Load resistance 
Cutoff |. 7p az 





Yop 


FIG. 19.2, Single tube output stage. 


time constant of the output circuit is 0.87',. 
Output transformer is then 


ST \e 
c-(*H) 
RC 
where 7’, is the rise time, F is the load resistance, and C' is the total 


(listributed capacitance of the plate circuit. At the clipping point, 


the load current has risen to 0.7147p, and the peak required tube 
current is then 


RC \*/ 1 IEC\”* 
eae AG, Gai) . 1.57 ( rl ) 


Where 7 is output current and £ is output voltage. 

A single-tube output stage with resistive load is shown schemati- 
wally in Fig. 19.2, with the associated waveforms. In this circuit, the 
iiagnetizing inductance of the transformer has been assumed large 
onough so that no allowance need be made for magnetizing current. 
I! the transformer has a core of high loss, it must be accounted for as 
un added resistance in parallel with the load resistance. 

If the output transformer is essentially inductive, reduction in tube 
furrent may be obtained by designing the transformer with a low 
iWagnetizing inductance. The energy stored in the magnetizing induct- 


The turns ratio of the 





(19.1) 








(19.2) 


ave is available to aid in charging the distributed capacitance, and 
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thus lowers the required peak tube current. Because of the low 
magnetizing inductance, the tube current increases during the output 
pulse period, rather than remaining constant. Minimum tube current 
is achieved when the current at the end of the pulse is equal to the 
current required during the rise time of the pulse. 

Transformer Construction. The desired characteristics of the out- 
put transformer are low leakage inductance, low distributed capaci- 
tance, and low losses. Because of the short pulse duration, a high 
magnetizing inductance is not essential, and in some cases may not 
even be desirable. 

The required output impedances are usually extremely low, and 
the output winding is generally one or two turns of copper ribbon 
to minimize leakage inductance. Primary windings are in the form 
of a single-layer solenoidal winding of the same width as the output 
winding. 

Both the leakage inductance and distributed capacitance are pr 
portional to the circumference of the windings; the cross section of 
core material should thus be as small as possible, and approximately 
circular. The minimum cross section of core material is set by the 
necessary magnetizing inductance. 

A small cross section of core material requires large flux-density 
changes and consequently high core losses. Forced-air or oil coolin 
is required for transformers in which core volume must be sacrifice 
to gain low leakage inductance and capacitance. 

Teflon insulation is used because of its low dielectric constant of | 
and its ability to withstand operating voltages at temperatures 
high as 250°C. Teflon sheet is used for interwinding insulation, an 
Teflon-coated wire for plate windings. 

Ferrite cores of various grades are commercially available in 
variety of sizes and shapes, and are satisfactory for low-power applic 
tions. However, at high-power levels, where allowable leakage induct» 
ance and distributed capacitance limit the core size, losses beco: 
excessive because of the relatively high switching losses. The lo 
switching flux of approximately 0.3 4W/mm?, Curie tempera 
between 100 and 300°C, and poor heat transmission are also unsat 
factory for high-level operation. 

The cores with lowest loss are those fabricated of ultrathin 4-7 
Molybdenum Permalloy tape. Molybdenum permalloy has a lo 
coercive force (0.008 at/mm) and a high switching flux (1.5 u.W/ mm*) 

compared to the ferrites. The Curie temperature is 450°C, and 
heat conduction properties are good. 

A typical high-power pulse supply has an output-transformer 6 
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constructed of 432 wraps of 4-mil molybdenum permalloy tape, 
in. wide. The window dimensions are 7% in. by 3s in., and the cross 
section of the core is + in. by + in. Output power is 650 watts at 
707 ke, and the core dissipation is 20 watts, which is satisfactorily low. 
Because of the small core volume, oil cooling is required for this 
dissipation. 

At the high rates of flux change used, the energy dissipated in the 
core is many times larger than 1000 
the reactive energy, and the 
transformer can be assumed to 
have a magnetizing resistance 
rather than a magnetizing in- 


500 














The average core dissipation Z 
required as a function of rate of | 
change of flux for 4-mil 4-79 
Molybdenum Permalloy, operat- 1 
ing with maximum change in 0.1 0.5 1 5 10 
induction of 0.9 to 1.2 .«W/mm?, Rate of Change of Induction dB/dt 
and with a square-wave driving (webers/square meter-microsecond) 
source, is shown graphically in 
Vig. 19.3. The graph can be 
used to estimate core loss under 
these conditions. Losses are about 30 per cent higher for {-mil tape. 

Winding Configurations. With push-pull output stages and loads, 
several winding configurations of the output transformer are possible. 
Mince regulation is usually done at the transformer primary, deficiencies 
in the output transformer are not corrected. Also, the output tubes 
vwonduct alternately and regulation is applied to only one half of the 
Output winding, the other half being an open circuit and therefore free 
to ring. Small amounts of ripple can be tolerated on the power half 
of the output waveform because of the integrating action of the SMAs, 
and relatively large amounts of ripple can be tolerated on the block- 
ing half. At the large turns ratios used, the interwinding capacitance 
becomes comparable to the capacitance reflected into the primary 
olrouit, The winding capacitance thus also becomes important. 





s 
ductance. Magnetizing current 2 100 
is dependent both upon the rate § Ir = 
of change of flux and upon the 4 
absolute value of flux, and #3 
exact determination of core loss £2 
for extremes of operation is = 
10 
complicated. Ss [ rs 
8 
8 











FIG. 19.3. Core dissipation versus rate of 
change of induction in 4-mil molybdenum 
permalloy. 
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(b) 
Half of Half of 
primary primary 
Secondary 
(c) 


FIG. 19.4. Output transformer, physical form and schematic diagram. (a) © 
and secondary strips. (6) Completed transformer. (c) Schematic diagram. 


Several general methods of winding output transformers have b 
developed. In all of these methods, both halves of the secondary 
single-turn windings formed of copper strip with the plate wind 
extending along the width of the strip. If the windings are all pla 
on one leg of the transformer, the sequence of placing the windings 
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the core affects the interwinding capacitance and also the leakage 
inductance. For instance, if first one plate winding is applied, then 
the two one-turn strips, then the second plate winding, the capacitance 
is low; but the leakage inductance from plate to plate is high and ring- 
ing occurs on the blocking half of the waveform. If the plate wind- 
ings are sandwiched between the two strips, the leakage inductance is 
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FIG. 19.5. Sine-wave pulse power supply. 


lows, but the capacitance effects become worse, since now much of the 
(upacitance is from plate winding to plate winding, and must be 
vharged to double voltage, one winding going positive as the other goes 
hogative. 

Improvements can be made by placing secondaries on both legs of a 
wore (Fig. 19.4). The secondaries are paralleled. Each half of the 
primary is placed on a separate transformer leg. Thus, the capaci- 
lance is minimized. Most of the leakage inductance between pri- 
Maries is short-circuited by the paralleled secondaries. Polarities are 
Mich that the driver plate winding is in contact with the conducting 
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FIG. 19.6. High-power square wave power supply. FIG. 19.6 (continued) 
half of the output winding, so that the ringing is mostly on the bloe 
ing half of the waveform. The construction is shown schematicall 
in Fig. 19.4c. 

Regulation of Power Pulses. Regulation of power pulses for 8 
is required to maintain the correct voltage-time integral of the pow 


pulses for maximum gain. Output must be controlled for load varia- 
\ions, and for tube and power supply variations. 

The regulation system may be a slow AGC type of regulation, a 
fantencting inverse-feedback regulator, or a combination of both. If 
variations in load are small compared to the total load, a slow type of 
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regulation may suffice; where load changes are large, a fast-acting 
system must be used. 
A constant voltage-time integral of the power pulse is more impor- 
tant than constant amplitude. This type of regulation is easy to 
achieve with AGC systems, but is difficult for high-speed systems 
unless linear inverse feedback is used. At high frequencies, it is 
difficult to obtain much linear feedback without incurring instability. 
If the rise time of the power pulse is short compared with the dura 
tion, amplitude limiting of the power pulse is sufficient. Rise time 
variations are caused mainly by changes in tube characteristics with 
age, and AGC can be used to set the amplitude limit, thus maintainin Z 
equal output-pulse areas. If rise time changes are due mainly 
the aging of circuit components, a manual control can be included to 
set the amplitude to a level indicated by an averaging detector on the 
power pulse. 
When sine-wave power sources (Fig. 19.5) are used for SMAs, 
undesired capacitance may be tuned out. The problem is only 
design an adequate radio-frequency power amplifier. Output regula 
tion, however, demands that the output impedance be low, a require 
ment that is not met by most tuned amplifiers, particularly if pentod 
stages are used for high efficiency. Negative feedback can be used té 
reduce the output impedance. A tuned circuit with a high Q is use 
in the output circuit to smooth out transient load changes, and té 
modify the bandpass of the feedback loop so that operation occu 
only at the desired frequency. 


19.3 High-Power Square-Wave Power Supply 


A high-power square-wave generator designed for use as a comput 
pulse power supply is shown in Fig. 19.6. The generator operates & 
approximately 707 ke and provides 650 watts of output power wi 
rise and fall times of 0.1 ws. Regulation is +7 per cent for all vari , 
tions in loading and circuit aging. Two phases of output are provide 
each with a 35-volt peak-to-peak output. Each phase can supply 
35 amp to the SMAs. 

The input circuit consists of a vacuum tube V2 and a core to con 
vert the 707-ke input signal (approximately a sine wave) to a pair of 
trigger pulses of opposite phase. A tuned circuit consisting of a chok 
L1 and a capacitor C7 is used in the plate circuit of tube V2 to creat 
a large circulating current, minimizing effects of input noise and ca 
ing rapid switching of the core. The trigger pulses are fed to t 
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trigger tubes, V4 and V5, which are biased to cutoff, and conduct 
only when a positive trigger pulse is present. 

The outputs of these two tubes are coupled to a multivibrator 
consisting of tubes V6 and V7. The free-running frequency of this 
multivibrator is lower than the operating frequency, and is synchro- 
nized by the incoming trigger pulses to the operating frequency. 

The output stage consists of six push-pull parallel tubes V10, V12, 
V13, V14, V16, and V17. Each half of the output stage is capable of 
supplying 1 amp of current with a total plate swing of 1300 volts. 
The output stage is operated below ground potential to minimize the 
possibility of insulation breakdown in the output transformer. 

Delayed-feedback regulation is employed; the feedback voltage is 
(upped off the output transformer at the point where the voltage is 
one-third the amplitude of the plate voltage. A larger feedback 
voltage would improve the regulation, but would exceed voltage ratings 
on the two feedback tubes (V11 and V15). The grid voltages of V11 
and V15 can be independently adjusted around a 215-volt nominal 
value so that each half of the output can be set to the same amplitude 
in the presence of unbalanced circuits or loads. 
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20.3 Testing 
20.4 Reliability of SMA Circuits — 


20.1 Power Distribution 
20.2 Packaging 


The preceding chapters in this part discuss the basic concep 
circuit design analysis, and logical design of series magnetic puls 
amplifiers (SMAs). The purpose of Chapter 20 is to present t 
systems aspects of SMAs, and to discuss certain features of th 
amplifiers when combined into an integrated system. 

Systems considerations which are of importance in the design of hi; 
speed SMA circuits for digital applications include power distributi 
packaging, testing, and maintenance. Several complex digital da’ 
processing systems have been developed which use 2000 to 3000 S 
circuits and 15,000 to 20,000 diodes. These business data proce 
are being produced in large numbers. The systems consideratio 
described below are important factors in the successful design of thi 
systems. 


20.1 Power Distribution 


Impedance in a magnetic computer composed of SMAs is at 8 
low levels that the distribution of d-c supply voltages and power p 
presents special problems. The major problems, discussed below, 
inductance in power distribution lines, bypassing problems, and eff: 
of lead inductance and capacitance. 

Typical operating conditions for an SMA in the range of 500 ke 

*Now with Radio Corporation of America. 
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| me are a power-pulse voltage of 14 volts and an input signal current 
of 20 ma. Therefore, each input places a load of 700 ohms on the 
power pulse source. A magnetic computer consisting of 3000 of these 
SMAs divided equally on the two phases of the power pulse might 
demand, 1500 X 20 ma (30 amp) of pulse current, placing a load of 
0.466 ohm on the pulse power supply. If a power-pulse rise time of 
0.1 us is required, the time constant of the distribution system should 
be approximately 0.05 us. The total series inductance of the distribu- 
tion system, including the pulse supply output transformer, cannot 
exceed 0.023 uh, for this time constant. 
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FIG. 20.1, Low-inductance distribution line. 


Since distribution-line inductance is in series with the output wind- 
ing of the SMAs, any inductance of the distribution. line acts like an 
increased inductance of the output winding. In the example above, 
iwsume 250 SMAs are delivering outputs; the added inductance on 
each of these output windings is then 250 X 0.023 wh, or 5.7 wh. If 
(his added inductance is comparable to the output inductance of the 
MMA, then performance is impaired. 

In any computer but an extremely large one, the distribution lines 
aro short lines with regard to the frequency components of the power 
pulse. Therefore, mismatches and reflections are not troublesome, 
and terminated lines of low characteristic impedance are not required. 
llowever, low inductance requirements rule out conventional wiring 
inethods, and special lines must be employed. 

Distribution Lines. The power-pulse distribution lines for SMA 
systems are made of two parallel copper or brass strips, separated by a 
thin insulating sheet (Fig. 20.1). This design achieves the necessary 
low inductance. One strip carries the power to the amplifiers, the 


Oihor serves as a return circuit. The series inductance of this type of 
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line, in microhenrys, is approximately 


L= 0.0319 * 


(20.1) 
where lis line length, £ is insulation thickness, and \ is conductor width. 
(All dimensions are in inches.) In the figure, the power-pulse dis- 
tribution line is shown with taper tabs for circuit connections. When 
return conductors are used on both sides of the power pulse conductor, 
the width of the line is effectively doubled, and the inductance halved. 

A distribution line constructed of two copper strips 1 in. wide 
separated by 20 mils of insulation has an inductance of 0.007 uh/foot. 
If the load is distributed more or less uniformly along the line, rathe 
than concentrated at the end, the line inductance may be twice th 
value allowed for end loading. 

When several distribution lines are employed, the benefits gained b 
using the low-inductance line construction may be lost if prop 
grounding precautions are not taken. The distribution-line ret 
conductors should be bonded to a good ground plane at frequent inte 
vals. If this bonding is not done, pulse currents supplied from oni 
line may have to return on another distribution-line return conductor, 
creating a large loop of high inductance. Also, the insulation materi 
should have the lowest possible dielectric constant, since the capaci: 
tance of the lines is an additional load on the pulse power supply. 

Bypassing Problems. Local bypassing of d-c supply voltages is 
necessary in a magnetic computer as in any other piece of electro 
equipment. However, it is very difficult to designate adequate byp 
capacitors because of the low impedance levels involved. 

One approach to this problem is to reduce the bypassing requi 
ments by designing a voltage-distribution system of low impedan 
The low-inductance distribution line for power pulses discussed abo 
is also a suitable d-c distribution line. The inductance per unit | 
length can be made arbitrarily small by reducing the thickness of ti 
insulation between conductors. The practical minimum thickn 
between 5 and 10 mils, is determined not by electrical breakdown b 
by mechanical considerations, such as puncture of the insulation 
dirt particles or conductor roughness and burrs. 

Although bypassing is unnecessary for a distribution line constructe 
in this manner, the inductance of the feeder lines from the power sup 
to the distribution line may require bypassing. Strip line or multi 

feeders should be used to keep this feeder-line inductance as low 
possible. 


A bypass capacitance is required on the distribution line because 
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feeder-line inductance. 


The value of this capacitance C is determined 
by 


ar\* 

C>L\(—- 
>1 (5) 
where AJ is the maximum change in load current and AV is the allowa- 
ble voltage variation on the supply. Circuit losses, and losses in the 
capacitors themselves, usually provide sufficient damping to prevent 


oscillation. If this damping source is not sufficient, additional loss 
must be provided to maintain critical damping. 


(20.2) 


Output 
transformer 
Ph-A 





Ph-B 


Bias 


=>— voltage 
ae 


FIG. 20.2.. Voltage biasing of power pulse. 

Klectrolytic capacitors are generally used for bypassing because of 
the high value of capacitance required. The lead inductance of these 
capacitors, because of physical size, is seldom less than 0.1 uh and can 
be much greater if proper mounting techniques are not used. Also, 
the effective series resistance of electrolytics is seldom less than 60 
iilliohms, and may be as high as several hundred milliohms. Both 
of these factors must be considered, and enough capacitors used in 
parallel to reduce the impedance to acceptable limits, even though 
sufficient capacitance can be obtained in a single capacitor. 

As discussed in Section 17.5, the blocking (negative) portion of a 
power pulse must be greater in area than the active (positive) portion. 
With a two-phase system, then, the blocking portion must be greater 
in amplitude than the active portion. A d-c voltage is inserted in 
series with the center tap of the pulse power supply output transformer 
(o effect the shift of level (Fig. 20.2). Bypass capacitor C in the figure 
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must have a very low series inductance and impedance; it therefore 
requires several capacitors in parallel. : 

The illustrated voltage-biasing method is useful for bypassing an, 
line. A ground line and the transformer center tap run close together 
along the entire length of the power-pulse distribution line to form a 
low-inductance line. Local bypass capacitors with short leads can 
be distributed along the conductors to achieve the necessary bypassing, 
Adding a conductor to an existing distribution line probably requires 
less space than constructing a low-impedance network in which to 
mount capacitors for the same purpose. 

Effects of Lead Inductance and Capacitance. The inductance of 
the signal leads between SMAs and the distributed capacitance 
of these leads to ground reduce the effective power gain. These 
factors result in a delay of the input signal to the SMAs being driven, 
Although the energy stored in these reactances is regained after thi 
end of the input period, it is not available as useful input. 

The effect of the delay is twofold. First, the voltage-time integra 
of the input signal is reduced. The number of turns on the corg 
input windings of the driven SMAs must then be lowered so that th 
reduced input can effect the necessary flux change of the cores. Th 
reduction of turns on the input windings means that the input curren 
must be increased. Second, the delay of the input signal means tha 
the active time of the input signal is reduced, requiring more rapi¢ 
switching of the driven cores, and consequently higher core losse 
again demanding an increased input current. 

The inductance in the input signal circuit is not only the inductané 
of the signal leads connecting the SMAs, but that of the entire sign 
loop. The loop includes the power-pulse lead to the driving SM 
the signal leads connecting the driving SMA to the driven SMAs, amt 
the ground return of the input windings of the driven SMAs. Th 
signal-current path in which inductance is harmful is shown by arrow 
on a typical SMA system schematic diagram (Fig. 20.3). 

The effects of distributed capacitance are similar to those of leat 
inductance. In addition, the physical location of the capacitance ¢4 
affect the power gain (but not the rise time) of the signal, since thi 
SMA delivering an output pulse must charge all of the circuit capac 
tances. However, in the asserting SMA (Fig. 20.3), if the capacitane 
is located between the input diode CR4 and input winding N2B, th 
reset bias current of core B must be increased in order to charge th 
capacitance during the reset time. Because signal power incre 
with bias current, it is desirable to keep the lead length from the inp) 
diodes to the input winding as short as possible. If the capacitance 
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located between the output winding of core A and the diodes, the 
current through resistor R1 can discharge the capacitance. 

Interlead capacitance is also of importance, and with high wiring 
density may well be larger than lead capacitance to ground. All of 
the foregoing statements on capacitance are applicable to interlead 
capacitance. In addition, if several leads with signals present have a 
high capacitive coupling to a lead that has no signal, these energized 


Power pulse Ph-A Power pulse Ph-B 


current 


Bias 
current R3 





-V, 


"NG. 20.3. Typical asserting SMA circuit showing lead inductance and capacitance. 


loads tend to lift the unenergized lead away from ground, introducing 
noise on the zero output signals. If this effect is serious, increased 
current can be supplied through R1 and R3 (Fig. 20.3) to hold the 
yoro output at ground potential. 


20.2. Packaging 


The packaging of SMAs for digital computer applications is accom- 
plished on two levels. The wound core is packaged as a sealed unit 
for protection against mechanical damage and adverse environments. 
‘he wound cores and their associated components are then mounted 
on modular package boards for insertion in the computer. 

Wound Core Packaging. Each SMA, although containing strain- 
sonsitive magnetic tape, fine wire, and fragile components, has an 
almost unlimited life expectancy, if suitable mechanical protection is 
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provided. To attain this life expectancy with a high degree of relia- 
bility, the wound core must be packaged as a sealed unit for protection. 
Casting resins are commonly used for this purpose. Because of the 
high shrinkage of many commercial casting resins when curing, it is’ 
not advisable to use them directly on the cores; mechanical strains 
may result. Damage from shrinking may be eliminated by first 
coating the core and leads with a cushioning material to protect them 
against pressure. Practically any type of encapsulating material 
can then be used for the final mechanical shield. 

One method of packaging is to mount the core in a small glass-metal 
header which can be hermetically sealed with a metal cap. Another 
method is to mount the core on a miniature tube base and cast & 
plastic cap on the base for protection. In either method, the packaged 
core can be plugged into a socket, wired into a circuit, or dip-soldered 
to a printed circuit board, depending upon the type of base terminal 
selected. 

Modular Package Design. The individual wound core package) 
and their associated components (such as diodes, resistors, and capaci 
tors for special circuits) are mounted on modular package boards, 
usually printed circuit boards. These boards, in turn, are plugged 
into multicontact sockets mounted on the computer chassis. T 
method of computer packaging is most widely used because it sim 
plifies maintenance and troubleshooting. 

The computing portion of a typical magnetic computer composed 
SMAs contains relatively few types of SMAs; five is a reasonab 
number. The different types are all similar, both in size and in com 
ponent make-up, and are easily adaptable to a standardized method 6} 


packaging. The following advantages make the demands of modul 
design worthwhile: 


1. Circuit design effort can be concentrated on a few basic types. 

2. The modules can be used in many different systems. 

3. Packaging is greatly simplified; only a few package types 4 
required. 

4. It is possible to convert a logic diagram to a circuit diagram 
merely by writing a package number for each amplifier and a terminal 
number for each lead directly on the logic diagram. 

5. Manufacturing, stocking of spare parts, and maintenance £ 
greatly simplified. 

6. Both the circuit and the logic of a module must be simple if 
module is to be versatile. Frequently, simple circuits are mor 
reliable. 
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A typical application of SMAs to computer circuitry results in the 
use of the following amplifier types: 


1. A complementing SMA. 

2. An asserting SMA. 

3. A high-power complementing SMA. 
4. A high-power asserting SMA. 

5. A register SMA. 


Complementing SMAs outnumber the asserting SMAs by about 
% to 1 in the usual computer circuits. Also, since registers do not 
require high power gain, simplified circuits can be used. Diode 
clusters are used for logic between SMAs. No external diodes are 
required for a single input to an SMA, because an input diode is 
included in each package. However, when more than one input is 
required, the extra input diodes are obtained from the diode clusters. 
A reasonable allocation of SMA circuits to packages is indicated in 
Table 20.1. 


Table 20.1. Allocation of Circuits, Typical SMA Packages 








Package Type Circuits 
I 4 complementing SMAs 
II 2 complementing SMAs 
2 asserting SMAs 
Ill 2 high-power complementing SMAs 
1 high-power asserting SMA 
IV 6 register SMAs (3 bits of storage) 
Vv 1 four-diode cluster 


1 three-diode cluster 
2 two-diode clusters 
3 single diodes 





20.3 Testing 


Procedures for testing individual SMAs both during and after 
manufacture are presented in this section. Also included are pro- 
vodures for testing subsystems, on a package level, and complete com- 
puter systems. System testing is discussed both for initial installation 
and for periodic maintenance checks. 

Core Testing. The cumulative effect of the tolerances of the 


“omponents, voltages; and currents in an SMA circuit reduces the 








330 Digital Applications of Magnetic Devices 


idealized power gain (Section 17.3). Flux tolerance is of major 
importance. The closer the control over core characteristics during 
manufacture, the higher the power gain of the SMA. 

The important core characteristics that affect SMA operation are: 


1. The mmf to switch a core in the required time. The mmf is a 
measure of the required input signal power to an SMA. The less 
current required, the higher the possible power gain. With good 
quality $-mil 4-79 Molybdenum Permalloy tape, a core without coppe 
windings switches in 0.85 us or less with 0.048 at/mm of drive. 

2. The total flux. Total flux has a decided effect on the power gain 
of anSMA. As flux tolerance increases, power gain decreases rapidly. 

3. The squareness ratio of wound cores. A low squareness ratio, 
below 0.88, indicates loose windings or damage to the core durin 
packaging. 

4. The resistance of windings. The resistance of the core windin 
in an amplifier, if within allowable limits, verifies that the corre 
wire size has been used. 

5. The turns ratio of the windings. 


Core characteristics are measured both before the copper windin 
are applied to the core and after the wound core is packaged.!. Th 
methods of making these measurements are described in Chapter 
Before the windings are applied, all measurements are made on a singl 
turn basis, with single conductors passed through the core to serve 
drive and pickup windings. 

Package Testing. The SMAs, and the associated components f 
particular circuit functions, are mounted on modular package boa 
for insertion in the computer. The fabricated packages are tes 
statically and dynamically for various characteristics after const 
tion. The static test measures the resistance of each circuit on t 
card, and, if diodes are used, the forward drop and reverse leakage 
the diodes. In the dynamic test, power pulses and supply voltages 
applied to the SMAs on the board. The output of each SMA is mo 
tored as input signals are applied and removed, to ensure that no no 
pulses are present on zero outputs and that output signals are 
standard amplitude. 

System Testing and Maintenance. Initial testing of a compu 
containing SMA circuits does not differ greatly from testing any ot 
type of computer. First, the power supplies and voltage distribu 
circuits are checked, then the master clock and pulse power supp 

The next step is to connect all of the SMA packages and to dete 
that the timing control unit is operating properly. Intestin 
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vacuum-tube computer, circuits are usually connected and tested one 
at a time to avoid damaging large numbers of components if a wiring 
error causes an overvoltage. Since SMA circuits are current-limiting, 
all of the SMAs are installed at once, and major errors that prevent the 
timing control unit from operating can be eliminated first. Then 
testing can continue at many points as the timing control continues 
to operate. This method is preferable to adding circuits one at a time, 
since each circuit so added may stop the timing control unit. 

Few maintenance procedures are applicable to SMA circuits. One 
procedure for preventive maintenance is the periodic removal of a 
quantity of packages for tests and the replacement of substandard 
packages. This procedure is not recommended, for it may cause 
damaged socket contacts, broken components on cards, and inter- 
mittent connections, introducing more difficulties than would normally 
occur. 

A recommended procedure for preventive maintenance is the 
periodic inspection of the output waveforms of the SMAs. With a 
little training, maintenance personnel can easily learn to recognize 
Waveforms that indicate improper operation of the circuits. Such 
inspection can be carried out while the equipment is operating. 

Marginal Checking. Marginal checking by varying supply voltages 
Within specified limits is one means of detecting weakened or deterior- 
ited components in computer circuits. Marginal checking in a 
Magnetic computer, however, presents several problems. One result 
of a standardized modular construction is that, as operating con- 
(litions are varied to cause computer errors, the most heavily loaded 
dircuits always fail first. An effective marginal checking routine 
requires that all circuits be designed to fail at the same operating 
limits so that failure is always caused by the circuit that deviates most 
from specifications. 

Another difficulty, although not peculiar to magnetic circuits, is 
ihe averaging effect of a series of SMAs. If a substandard circuit is 
followed by an exceptionally good circuit, the pair may average out as 
wutisfactory in testing. Although it may be argued that if operation is 
successful over the prescribed operating limits it does not matter 
whether there are several components off tolerance, this assumption is 
Hot strictly true. When a component such as a diode departs 
from design limits, it tends to go rapidly to complete failure, and 
oan cause computer shutdown before the next scheduled maintenance 
poriod. 

‘’o enable closer marginal checking, separate power leads can be 
iwod for different SMAs to subject lightly loaded circuits to larger 
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variations of supply voltage than heavily loaded circuits. 
technique complicates construction and wiring. 


20.4 Reliability of SMA Circuits 


Several magnetic computers have been constructed using the SM 
described in the previous sections. The computers are of medi 
size, with the following component counts: 2806 SMAs, 25,161 diodes 
663 transistors, and 12,748 resistors. Transistors are used main] 
for control of input-output equipment where the pulse-type signa 
are not compatible with circuit requirements, or where the equipmen 
is remote from the central computer. ‘ 

The performance record of these computers is excellent. The 
record of the prototype model, after initial troubleshooting and 
initial operating period of one month, serves as an example. In t 
succeeding operating period of 74 months, including 2554 operati 
hours, component failures causing shutdown were traceable: in t 
cases, to diodes; in four cases, to transistors; and, in three cases, 
SMAs. Not included in the shutdowns are those due to stand 
causes, such as failures of input-output equipment, relays, and oth 
standard components. 

Two of the SMA failures were traced to intermittent solder co 
nections. The cause of the third failure is unknown. It can be s 
that magnetic circuits have an operating reliability that is not match 
by any previous type of computer circuitry. 
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SMA 
PROCESS CONTROL 
CIRCUITS 


vil Characteristics of SMA Control 21.3 Analysis of Basic Circuits 
shahiataa 21.4 Logical Design 
¥i.2 Basic SMA Control Device 21.5 Power Suppl 
Circuits a 
21.6 Systems Aspects 


Series magnetic pulse amplifier (SMA) circuits are designed for 
®peration in industrial control applications requiring high reliability 
ind are the basic amplifying elements of a group of modular logic 
(ircuits operating at power line frequencies. Typical applications 
Include control of complex machine tools and operation in process 
wontrol systems.'~* These magnetic control devices may be utilized 
(0 replace relay controls used on machines or for the control of pro- 
(oases in which an unusually large number of repetitive operations are 
performed under conditions requiring extreme reliability, simplicity, 


_ tnd flexibility.*° 


1 


Characteristics of SMA Control Devices 


The various SMAs used as control devices perform functions 
ulogous to those of relays at a somewhat faster rate of speed. The 
inethod of interconnections and arrangement of components is very 
(lifferent from relays which customarily have one input to actuate 
iiwny output contacts. Control devices employing SMAs have from 
One to several inputs to actuate one output circuit. 

_* Now with Phileo Corporation, 
} Now with Industrial Nucleonics Corporation 
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Control of the SMA is effected principally by the action of a signal 
or signals on one or more control windings. In one control scheme, 
the signal source may present a nearly constant current source having 
the equivalent circuit of a relatively large voltage (compared to the 
requirements of the control winding) and a large series resistance. 
Logic elements may be designed for the accomplishment of AND, OR, 
and nor functions.’ 

The power level of logic elements is almost always insufficient to 
operate directly any of the transducer devices which control a machine 
or process. Therefore, output amplifying devices must be used to 
augment the output to a suitable power level. Switching, such ai 
from a mechanical limit switch, can only be made practical at abou 
100 volts or greater because of contact corrosion or the presence 0 
foreign substances (such as oil or dust). Since the logic element 
operate with input voltages considerably less than this, some initi 
input voltage transforming device must be provided. 


21.2. Basic SMA Control Device Circuits 


The basic SMA circuit to be described for control applications (Fig 
21.1) is the Ramey amplifier, a voltage-controlled circuit consistin 


CR1 CR2 
, 4 
Input N2 a. Nl Output . 
~~ e ~ 
+ E,7 + E,~ 


FIG. 21.1. Ramey amplifier. 


essentially of a square-loop nickel-iron alloy magnetic core with a 
input winding and an output winding.'@'" The input voltage 
supplied from a source impedance relatively low compared to t 
unsaturated core input winding impedance. 

A diode in each winding controls two discrete phases of magnetii 
core excitation from the illustrated power sources (at set voltage 
and reset voltage H,). The output period occurs when the voltage 
(usually sinusoidal) have the polarities indicated in Fig. 21.1. Durin 
this period, diode CR2 allows current to flow through the outpt 
circuit. The input period occurs when the voltages have polarit 
opposite to those indicated. In the reset condition of input, di 
CR1 allows current to flow in N2. The core is cyclically switch 
from the ONE state to the zprRo state until an input signal is appli 


‘ 
' 


SMA Process Control Circuits 335 


Diode C'R1 is then blocked; the voltage is greater, point for point, 
than the reset voltage Z,. An output begins one-half cycle after the 
input signal is applied (when the power pulse E, is positive). The 
output waveform has a delayed leading edge and an extended trailing 
edge because of the imperfect squareness of the associated hysteresis 
loop. The action is that of an asserting SMA (Fig. 16.3). 

The addition of diodes CR3 to both the input and the output circuit 
(lig. 21.2) improves performance by providing a low impedance to 
switching current and a relatively high impedance to signal voltage. 
A comparatively high d-c voltage is applied to the diode-resistor net- 
work. High resistance values provide a low and nearly constant cur- 
rent supply to bias CR3 in the forward direction. Diode bias current is 






' 
CR3% Output 
' 
e. me eas 
L *z,~ eames © 


FIG. 21.2, Basic control SMA. 


greater than switching current. With only switching current and bias 
(urrent flowing, the net flow of current through the diode is in the for- 
ward direction. The low diode voltage drop under these circumstances 
in a negligible part of the voltage EZ, or HE, Application of signal 
voltages requires enough current capability to establish an inverse 
voltage across CR3. 

Output voltage from a driving circuit has the proper waveform to 
wontrol a similar driven circuit. Therefore, attenuating or filtering 
hotworks between circuits are not necessary for full control of the 
driven circuit. Full response in a half-cycle of power supply fre- 
(juency can be achieved. Specialization of a simple standardized two- 
Winding reactor and output circuit for basic logic functions is easily 
provided by diode networks. 

A complementing amplifier (Fig. 21.3) is obtained by omitting the 
reset voltage, so that an output occurs on each power pulse unless 
prevented by a one input (Nor function). Input current is limited 


ator saturation in the reset period by the resistor R1 in the bias 
olrouit, 
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An anp function circuit is provided by adding a special diode AND 
network to the input of the asserting SMA (Fig. 21.4). Each applied 
input signal blocks only one of the possible reset paths by blocking the 
appropriate diode (CR1). Both diodes CR1 must be blocked in the 
circuit for an output to occur on the next phase. 







1 
CR3 y Output 


FIG. 21.3. Basic control SMA complementing amplifier (Nor function circuit). 


D-c 


Input a 


Input b 
Common 


FIG. 21.4. Control SMA asserting amplifier including the anv function circuit, 


System design occasionally requires insertion of a delay elemen 
The required delay may be only one-half cycle of the power-p 
frequency in order to meet the phasing requirements of a particu 
SMA input circuit. In such cases, an asserting SMA effectively dela 
the signal for one-half cycle. 

Machine or process control may require a delay or storage of seve 
seconds between steps in logic control outputs. Such a delay ens 
adequate time for the machine or process to complete some requ 
function. An SMA flip-flop, driven by a capacitor delay elem 
provides the most common delay device. The basic flip-flop ( 
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21.5) is obtained through the use of two complementing SMAs (see 
Table 18.1 for symbols). A capacitor delay circuit (Fig. 21.6) is 
connected to the set input of Fig. 21.5. Input pulses applied to the 
resistor-capacitor combination (R1-C1) charge capacitor C2 sufficiently 
to set the flip-flop after the delay time has elasped. 


Set ONE 
input Output 


Reset ZERO 
input 


Output 


(Symbol for flip-flop) 


FIG, 21.5. Flip-flop. 


Cl 





Input C2 Output 


FIG. 21.6. Capacitor delay circuit. 


21.3 Analysis of Basic Circuits 


‘The basic transfer loop (Fig. 21.7) contains a driving stage and a 


ilviven stage. Currents and voltages are instantaneous and have the 
polarity shown during the input phase of the driven stage. It is 
imumed that voltages 2, and H, are sinusoidal, that bias voltage E, 
inn dee voltage, and that the diodes are perfect, having no forward drop 
ind no reverse leakage. 


The maximum one output and the minimum zERo output are 
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sought. The solution for N, or N2 is from Faraday’s law, where 


E 


1S grb (21.1) 
2.22y @sf 


where E is volts rms, ®s is switching flux in webers, f is supply fre- 
quency in cycles per second, and y, is a constant to allow for test 
measurement of flux at a magnetizing force greater than that permis- 
sible for low instantaneous switching current. With 50-50 nickel-iron 
core material, a satisfactory practical value for yq is 0.95. The method 
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logic 


FIG. 21.7. Control SMA transfer loop. 


of determining this value, by test, is discussed below under Require‘ 
Properties of Magnetic Materials. The accuracy of the test meth 

employed is dependent upon the reference core used for calibration 
well as upon meter linearity. Flux is usually measured to +1 
cent; turns may be applied to an accuracy of +2 per cent. Achiey: 
ment of full control requires that 


HE, = E, + saturated impedance drop of winding (21, 
oe. Se f 
Reset bias current /, (Fig. 21.7) is given by 
Fs 
I= 
YaN op 





(21. 


where F's is the switching mmf in ampere-turns, Nz is defined by I? 
21.7, and yp is a constant to allow for test measurement of an /’g | 
than that necessary for full switching. With 50-50 nickel-iron 
material, a satisfactory practical value for yp is 0.80. 
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Similarly, set bias current J, may be determined by 


Fs 
b = 
yoNia 





(21.4) 


The set bias actually used is five or six times as great as the value 
derived in eq. 21.4. This choice provides a very small zero output 
with only a slight loss in effective power gain. These values are 
chosen to provide operation within specified limits. 

Limits for Normal Operation. To assure satisfactory operation of 
transducer devices on the output of the control device, the circuits are 
designed to operate over a wide range of component and voltage 
tolerances. Since many stages may be cascaded, limits are made 
stringent to assure that deviations from full ons or full zero do not 
accumulate seriously. Typical limits assumed (with the set voltage 
peak assumed to be 1.00) are: 


1. Supply voltage variations +10 per cent. 

2. ONE voltage 0.55 to 1.00. 

3. Average load current range 35 to 5 ma, respectively. 

4. Minimum oNnE output conduction angle (sine-wave supply 
voltage) 144 electrical degrees. 

5. Maximum zero voltage 0.19. 


Specified Properties of Magnetic Materials. Certain specifica- 
tions, determined by design and by the materials available, are required 
to prevent cumulative loss of voltage output and to ensure satis- 
factory gain. Typical values required are: 


Squareness ratio S > 0.93 for maximum magnetizing force Hy 
= 0.13 at/mm 
Ntemanent induction difference Bz > 2.7 uW/mm? 


Ooercive force Hg between 0.012 and 0.024 at/mm 


The method of test employed is the constant-current reset flux 
method and a sine-wave current test for @s.12 One source (Fig. 21.8) 
supplies sine-wave or unidirectional half-wave pulses of current to the 
wore under test. The other supplies pure direct current from a con- 
itant-current reset source. Switching voltage Vs, from which és may 
he determined, is read on an average-reading a-c voltmeter with sine- 
Wave current excitation applied to the core. Application of half- 
Wave pulses drives the core from the ong state to saturation to give a 
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reading V on the voltmeter. Then, the squareness ratio S is given b 


_ Vs — 2Vo _ 


s Vs ®s 


(21.5) 


Switching flux @s and remanent flux difference ®z are the standar¢ 
symbols. With half-wave excitation, the value of coercive mmf Fei 
obtained by adjusting constant-current reset ampere-turns until 
reading of Vs/2 is obtained on the voltmeter. 


Sine wave 
oO 











Switching 
current 
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oO 
Half wave 


Average 


Constant- voltmeter 
current 
reset 
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Constant-current reset flux test circuit. 


FIG, 21.8. 


Effects of Circuitry upon Operation. The preceding discussion 
presented a simple analysis in which perfect diodes are assum 
Although negligible reverse leakage may be easily attained for 
circuit, negligible forward drop cannot be attained. Forward drops 
diodes CR1 and CR2 (Fig. 21.7) are relatively unimportant but 
drop of diode CR3 adds a fixed d-c voltage in the loop. With incre 
in CR3 bias current as more stages are added, the drop changes. TH 
a small difference in the drop of C R3 in two loops acting upon the sa 
core can result in a fixed bias on the core tending to switch the ¢ 
toward either extreme of the hysteresis loop. If this bias on the 
acts in the same sense as reset mmf, no loss of control results. But 
the sense is such as to aid set mmf, some residual output may ap 
causing failure to meet the zeRo output specified above. This probl 
may be explained in another way. The fixed d-c voltage adds to 
set voltage-time integral during the set (output) period and subtr 
from the reset voltage-time integral during the reset (control) peri 
As a result, the core tends to saturate for a portion of the set peri 
The difficulty can be avoided if another source of voltage is used 
bias diode CR3. 
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In a typical bias circuit (Fig. 21.9), half-wave pulses of voltage sup- 
plied from a transformer through C5 provide bias in the diode only 
when such bias is needed. Thus, the forward drop of CR3 adds to 
the set voltage during the set period, without restricting the induced 
voltage developed during reset. Because of the change in diode bias 
from pure direct current to a sinusoidal waveform, a different value of 
reset bias current must be provided. At least enough bias current 
must be provided to allow switching current to flow during the entire 
reset period. Reset must be accomplished over less than 180 electrical 


Output 





P VE, WE,’ (Opposite 
pens to E,) 


FIG. 21.9. SMA with a-c bias. 


(legrees; bias current cannot be made high enough to provide for a 
square wave of switching current over the entire half sine wave of reset. 
voltage. Assuming a square hysteresis loop, optimum effective gain 
iuy be realized by resetting fully over the center 90° of the reset 


-poriod. This duration factor may be developed analytically by mini- 


nizing the ratio of core switching power per cycle to input power per 
iycle. Sufficient voltage-time integral is provided by set and bias 
supplies during the reset period to allow a higher reset voltage. Diode 
(RA is required to prevent blocking of the set current for the driving 
wore, if the driven core saturates. 

In a production design, it is necessary to provide bias sufficient for 
the core with the highest specified F's, operating at the lowest specified 
Aupply voltages. Operating at normal supply voltages, with F's at 
the lowest specified value, the core begins to be reset much earlier 
than 45° after the beginning of the reset period (perhaps at 15 to 20°). 
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Lack of a square hysteresis loop for the driving-stage core causes the 
output during the set period to suffer angular attenuation. If the 
beginning of the reset period is delayed, there is no cumulative attenua- 
tion. Rather, the output of a stage is determined by the aque 
ratio of the core of that stage. 

The problem is handled either by delaying the beginning of bi 
current or by delaying the beginning of reset voltage. The latter 
solution requires less power, and is thus preferable. Since some cores 
do not begin reset until 45° after the beginning of the reset period, 


Reset Supply 
Voltage 


fo) 





+ 


FIG. 21.10. Waveform of reset supply voltage. 


the delay angle should be 45°. The reset voltage idealized waveform if 
shown in Fig. 21.10. The minimum acceptable squareness dete 
mines the delay required in the reset supply voltage. 
Determination of Output. The output conduction angle lost wh 
the squareness ratio is less than 1 may be predicted for a peak set ¢ 
rent corresponding to the peak mmf used for testing the core. T 
predicted value is based upon the assumption of sharp saturation (litt 
or no change in flux after saturation is reached), applied voltage-ti 
integral approximately equal to the maximum switching flux-turns 
the core, sufficient input signal to prevent reset current flow, an 
negligible CR2 leakage. _ From Faraday’s law, for one-half cycle, 


Esay = 2NGsf (21, 


Solving Egay for a flux change of gy — Sz and a delay in conductio} 
, Y, 






R= ANGqf(1 — S) 
od 1 — cosy 
Substituting from eq. 21.7, 

7 ' . v = cos! (28 — 1) 


The loss in output conduction angle can be predicted accurate 
Even when the set supply voltage is 10 to 20 per cent less than t 
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value calculated above, experimental results agree satisfactorily with 
the predicted value for stady-state conditions. 
Solving eq. 21.8 for the squareness ratio S, 


1+ cosy 


pee 


(21.9) 


When y is equal to 45°, S equals 0.853. 
This analysis does not apply to cases of transient or first-cycle 








response when the core is not in the maximum ONE state. The 
7 c7 
(FF KF 
(a) (6) 


"iG. 21.11. Typical control SMA hysteresis loops: (a) near nominal voltage; (6) 
(0 per cent of voltage in (a). 


dynamic hysteresis loops of typical control SMA cores (Fig. 21.11) 
and the corresponding output voltage waveforms (Fig. 21.12) illus- 
(rate this point. Generally, the core is not fully in the one state 
because of the tolerances on the core flux, the core saturation point, 
(he number of turns, and the lack of a regulated supply. A solution 
for Y might be made by substituting the initial flux condition for 
, — &p in deriving eq. 21.7. However, a system used for control 
purposes has signals applied for at least two cycles and first-cycle 
response is unimportant. 

Effective Power Gain. The term effective power gain is defined as 
(he maximum number of similar circuits that can be driven by the 
output of a given circuit such that full input to all of the driven circuits 
nay be achieved. Calculation of gain proceeds from the solution of 
(he following equation for n, where all values are peak: 


(, — Ey) — Vocosec@ EH, E, + Ey Ey 


Tinax = Mob otasd of¥ek omic any (nI¢ + Ip) (21.10) 
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where @ is reset delay angle, Vp is diode forward drop, Ey, is peak diode 
bias supply voltage, J, is peak reset diode bias current, J, is peak set 
diode bias current, Zmax is maximum output current, n is the number 
of elements which may be driven, and R, is the set winding resistance in 
ohms. Then, 


cae Aah (21.11) 


ae ee | ee | = 
n< (i, + EDRFe | E, — Vp cosec 6) 


where F'¢ is coercive mmf. From the calculation of eq. 21.11, the 
maximum number of element inputs which may be controlled with a 
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FIG. 21.12. Typical control SMA output voltage waveforms: (a) near nominal 
voltage; (b) 90 per cent of voltage in (a). 


given output circuit can be predicted. The number is 10 in typica 
applications. 


21.4 Logical Design 


Industrial control systems, with their characteristic arrangement 
control relays and associated electromechanical devices, or their SMA 
static switching equivalents, provide an on-off system of the binar 
digital type. In many respects, the more complex industrial cont 
systems resemble small, low-speed, special-purpose digital compute 
These systems must operate in real time and must include most of th 
elements of a digital computer (although the arithmetic unit is usual 
absent or relatively simple). On the other hand, the input-outpu 
requirements of a control system frequently are more stringent, !! 
In many cases, the program is inherent in the mechanical arrangement 
of the controlled equipment, but a control system can also be externally 
programmed in such applications as numerically controlled machi 
tools. 

The functional requirements of industrial control systems 
identical to those of a digital computer. Five basic functions whi 
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have been used in control systems are the AND, OR, NOT, static storage 
(flip-flop), and time delay functions. These functions are represented 
symbolically in Table 21.1 (Table 18.1); the equivalent control relay 
circuit for each symbol is also indicated in the tables. Actually, the 
first three functions comprise the primitive logic set discussed at the 
beginning of Chapter 18. It is useful to have the storage and time 
delay functions available for special applications. The or configura- 
tion is substituted for parallel contacts in a relay system, the anp for 


Ph-B 









Set 





Ph-A Ph-B 





Reset 


Hold 
reset 


FIG, 21.13. 


Types of storage elements. 


series contacts, the Nor for normally closed contacts, the storage for 
sealed circuits or latching relays, and the time delay for time delay 
relays. 

Comparative Relay and SMA Logic Elements. Certain funda- 
mental differences in the comparative logic circuitry for relays and 
SMAs in control system applications must be explained. The indi- 
vidual relay circuits for performing the five basic functions discussed 
ubove are similar to the circuits shown in Table 21.1. The SMA 
vircuits for performing these functions are described in detail in Sec- 
(ions 21.2 and 21.3. The anp function is performed by a complete 
SMA circuit and a diode switching network (Fig. 21.4); similarly, the 
on function is accomplished by a diode switching network; and the NoT 
{inction is performed by an SMA without the normal reset voltage 
source (Fig. 21.3). A storage element is formed by an SMA bistable 
clrouit (Pig. 21.5); other forms of storage elements can be constructed 
from various circuit configurations of SMAs and diodes (Fig. 21.13). 
A time delay element is formed by a capacitor delay circuit (Fig. 
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Table 21.1. 


Element 


Logic Elements 


OR 


Storage Elements 


Static storage 


Static storage 
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Relay Circuit 


Relay-SMA Equivalent Symbols 





SMA Element 
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Start: Contact holds relay after start 
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Stop: Coil de-energizer, opening contact 
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21.6). Time delays can also be accomplished by connecting SMAs in 
cascade. 

A relay usually has a single input (one coil) and several outputs, 
whereas an SMA has several inputs and a single output. Relay out- 
puts are transmitted through individual contacts providing isolated 
bidirectional capabilities. Because these outputs are bidirectional, 
care must be taken to guard against the possibility of sneak circuits. 
dircuit isolation is normally accomplished by inserting another con- 
tact to break the undesired path. In SMAs, however, where a non- 
isolated common output is provided, the output can be fed to many 
inputs, because the diodes provide isolation of the input circuits of 
succeeding stages. 

Another relay circuit feature which can prove troublesome is the 
time race problem. The pickup and dropout times of relays are 
inherently variable even when new. Wear and dirty conditions 
accentuate this problem. The designer must determine that every 
circuit has ample tolerance against one circuit path racing ahead of 
the prescribed blocking action of a related circuit. On the other hand, 
in SMAs, the problem is simply a matter of precise calculation, since 
cach SMA presents a half-cycle delay. The over-all system is clocked 
by the a-c power source and is synchronous at all times. 

Basic Logical Design. The binary nature of the normal industrial 
control system requires a comparatively simple logic system. The 
usual starting point in the design of a control system is the formulation 
of the conditions necessary to activate each output. Following design 
of the individual circuits, and after final integration of the over-all 
system, it is desirable to check and simplify the logical design. The 
art of simplification is tied closely with the economics of the alterna- 
tive logic elements available. The most economical configurations 
embodying SMAs are generally achieved by the maximum use of oR 
elements and inverters. Furthermore, the manner in which storage 
elements are formed has an important bearing upon optimum system 
design. 

Conventional logic techniques are utilized for combining, rearrang- 
ing, and minimizing the SMA circuits in control system applica- 
tions.715!6 For this reason, the actual techniques need not be dis- 
cussed in this chapter. 


21.5 Power Supply 


The power supply for SMA circuits in control applications (Fig. 
21.14) generates three separate operating voltages from a 60-cps, a-c 
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source: a set supply, a reset supply, and a bias supply. In the follow- 
ing discussion, the voltages are rms, and the primed and unprimed 
symbols represent voltages of the same magnitude but of opposite 
polarity. 

The set output supply is derived from a transformer and supplies 
voltages E, and E,'. The reset supply is derived from separate wind- 
ings on the same transformer in conjunction with reactor SL and 









Supply 
voltage 















FIG. 21.14. Power supply. 


resistor R to supply voltages HE, and E,’. The bias supply is derived 
from other windings on the same transformer in conjunction with 


diodes CR1 and CR2 to supply voltages E, and E,’. Idealized voltage 


waveforms for the three operating voltages are shown graphically i 
Fig. 21.15. 

Reactor SL, in the reset supply, is designed to absorb a given fraeti 
of the sum of voltages 2, and E,’. Both windings on reactor SL 
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identical and the value of resistor R is chosen to produce a negligible 
output voltage during the time that the reactor is switching. After 
the reactor has saturated, voltage between the common terminals and 
E, is approximately equal to voltage E,. Similarly, the voltage from 
E,’ to the common terminal is approximately equal to E,’. Reversal 
of the supply voltage polarity each half cycle causes the leading edge 
of the reset voltage waveform (Fig. 21.15b) to be dropped across 
reactor SL. 


& 
g 
s 
= (a) 
> 
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Reset Supply Voltage 


(c) 


Bias Supply Voltage 





"IG, 21.15. Voltage waveforms, powersupply. (a) Setsupply. (6) Reset supply. 
(c) Bias supply. 


The average value of F, and £,’, with SL in the circuit, must be 
increased to overcome the drop caused by SL. Increased reset supply 
voltage, however, will enable optimum effective gain of the driven 
amplifier by resetting the core over the center 90° of the reset period 
instead of over the entire resetting period. The amplifier core mag- 
notizing current, which must flow during the reset period, has a nearly 
square waveform which increases only slightly as the reset period is 
compressed. Since the average bias current J; is considerably reduced 
over the value required when reset occurs over the entire period, the 
effective gain of an individual stage is improved, even though the 
minimum usable output amplitude of the driving stage is increased 
by the same ratio as the increase in reset supply voltage. 

The bias supply provides two components of voltage (Fig. 21.15c): a 








| 
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positive-going component sufficient to keep the set diode CR1 (Fig. 
21.7) blocked during the reset period, and a negative-going component 
to provide forward bias current to the diodes. The supply consists 0 
the windings producing voltages EZ, and E,’, and the windings pro- 
ducing Ey and £,’. Voltage Eq is greater than E,. \i 

A full-wave rectified voltage, negative with respect to the comm 
output, is produced between the common tap and the junction 
diodes CR1 and CR2. To this full-wave voltage, voltages Ez and Eq! 
are added. On one half cycle, voltage between EF, and the commo 
tap is the sum of Z, and Ey. On the other half cycle, this voltage is th 
difference between HZ, and Ey. The output voltage EZ,’ has the sam 
waveform as E, but is positive-going on the opposite half cycle. 

The power supply described above has been designated a speci 
waveform supply because of the modified waveforms employed i 
contrast to sinusoidal waveforms. Design of this supply is bas 
upon the analysis of the transfer loop (Section 21.3), the selection 
operating voltages to be supplied, and the application of desi 
equations. 

The set supply voltage is arbitrarily chosen to provide voltag 
within the limits of properties for the components used. A value 
15 volts is well within the inverse ratings of selenium diodes and p 
vides a reasonable number of turns on small reactors. 

Selection of reset and bias voltages is made on the basis of consider 
tions discussed in Section 21.3. 

Given the reset-to-set turns ratio K of the core of the SMA to 
powered, the set supply voltage Z,, and the reset delay angle 6, thi 
reset voltage EF, required of the transformer at minimum line voltage 


°K cos 6 





(21.1 


From eq. 21.8, the series reactor voltage (average) Hs, may be det: 
mined as f 


Esr = ee a — cos 6) (21.1 


Then, the positive component of the bias supply is 
Eu = KE, — E, = E,(sec 0 — 1) (21.1 


Design of the supply is usually made for a representative system, 
that a standard unit capable of driving about 100 SMAs is availa 
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Current requirements for the transformer windings must take into 
account the nonsinusoidal waveform of current, and the possibility of 
unbalanced half-wave loads. 


21.6 Systems Aspects 


Many of the systems considerations discussed in Chapter 20 which 
are of importance in the design of high-speed SMA circuits are of 
little importance in the application of control circuits. Control cir- 
cuits operate at low speeds and in systems which are quite simple 
compared to typical computers. Thus, the problems of signal and 
power distribution present in high-speed circuits have little significance. 

In typical automatic sequencing devices, information obtained from 
input sensing devices is introduced into the logic system. The logic 
system, through output amplifiers, provides the required output device 
operation in the proper sequence. Sequencing entails correct timing 
and adequate interlocking, as well as ability for emergency action. 
The typical system is a closed loop, since many output operations also 
cause corresponding actuation of associated input sensing devices; a 
system should be capable of continuous recycling. 

Storage elements for a control system must retain information— 
for example, a limit switch or push button must be closed—in order to 
combine with information about other sensing devices at a later time, 
oven though machine movement or other sequential action may cause 
iin initiating switch to reopen before the information is used. A num- 
ber of sensing devices, output devices, and switches have this inherent 
storage property. 

Input sensing devices for control system applications include limit 
switches, pressure switches, push buttons, selector switches, program 
switches, punched cards, punched paper tape, digitizers, and many 
transducers for a variety of physical measurements. If input switch- 


’ Ing devices could be manufactured with an unlimited number of con- 


(acts, both normally open and normally closed, the logic system could 
he reduced to latching relays or storage elements. However, the 
necessary logic functions are easily performed by AND, or, and Nor 
vlements, which are straightforward combinations of the various input 
vonditions and, in some cases, previous operations. The efforts of 
the logical designer are directed toward minimizing the required num- 
her of relay contacts or SMA elements to perform the necessary logic 
functions. The resultant combinational logic functions are frequently 
(livect verbalizations of the desired operational sequence specified by 
(he machine designer. 
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Packaging. The packaging of SMA elements for control applica- 
tions is based upon the modular building-block concept previously 
described for high-speed circuits (Section 20.2). A typical packaging 
design for a control system is developed in the following manner. 
Individual logic packages are fabricated by mounting toroidal wound 
cores, diodes, and resistors on a standardized printed-circuit board. 
The packaged SMA elements and terminals are plugged into the board 
and the entire unit is dip soldered to fasten the components and to 
make electrical connections. The assembly is then encapsulated in a 
thermosetting polyester resin. The completed module is suitable for 
plug-in, lock-down mounting in a power channel assembly. 

A standardized performance module of this type permits the systems 
designer to concentrate his efforts on logical design, both for specifying 
logic configurations and for determining additional capabilities. The 
typical assembly and wiring features of modular components con= 
struction design provide spare space and blank terminals for futur 
expansion. This built-in flexibility permits future changes or addi- 
tions with minimum redesign. 

Testing and Troubleshooting. The testing requirements for SMA: 
elements are similar to those for high-speed circuits (Section 20.3), 
One means of testing a control design in advance of production to avoid 
lost production and costly redesigning is to use a system simulator. 
The simulator, as employed in an actual application, contains pane 
of the various logic elements. All power connections are permanently 
made, but the input-output terminals are arranged for patch cor 
connection. Toggle switches and selector switches are used to simu 
late limit switches and push buttons; indicating lamps are provided t: 
simulate output devices. 

The simulator principle can also be extended to provide a method 
final production testing. Test bays of toggle switches and indicatin 
lamps can be connected to the completed control system assembly t 
verify the operating sequence before ultimate connection to th 
machine for which the system was designed. 

Troubleshooting and maintenance of SMA systems are relativel 
easy because of the simplicity of control systems and the application of 
standardized SMA modules. It is common practice to provide inpu 
output indicating lamps in many control systems in order to isola 
faulty operation rapidly, thus minimizing down time. These lam 
identify troubles external to the SMA system. Conventional vol 
meter tests are then used to locate the defective component. i 

The input-output indicating lamps also reveal faulty operations 
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internal to the SMA system. In cases of malfunction, a rapid check 
to determine the correctly functioning logic modules can be made with 
a phase detector probe. This check is made by following the logic 
diagram of the system and by checking the output of each module until 
the faulty module or modules are found. A phase detector probe 
consists of two indicating lamps, which are energized by two SMA 
elements of opposite phase. The input of each element is connected 
to a common probe by a jumper cord. Conventional voltmeters are 
then used to check the output voltages. For more refined trouble- 
shooting, an oscilloscope reveals bad output waveforms; any modules 
which seem to have failed may be more thoroughly investigated on 
the bench. 

Because SMA elements generate a common output for any succeed- 
ing or dependent functions, circuit tracing and troubleshooting follows 
single-line flow from a given output to a specified input. This 
pattern is in decided contrast to the hop, skip, and jump tracing 
required in troubleshooting a comparable relay control system. 
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part 


MEMORIES 


A memory is a means for storing a 
quantity of data, either temporarily 
or indefinitely, and is a basic re- 
quirement of digital data-processing 
systems. Part V, which consists of 
Chapters 22 through 26, is con- 
cerned with memories using mag- 
netic cores and similar devices to 
provide this storage capability. 
The discussion is less extensive 
than that dealing with data-han- 
dling or logical manipulative circuits 
(Parts II, III, IV, and VII) because 
of the more extensive literature 
on memories. Core memories and 
memories employing magnetic de- 
vices still under development are 
included, but discussion of magnetic 
drums and tapes is excluded. 

The magnetic memory, one of the 
oldest digital applications of the 
magnetic core, has been developed 
in a great variety of forms by a 
number of design groups. Ac- 
knowledgments for specific memory 
design techniques are cited in each 
chapter. Chapter 22 describes fea- 
tures which have come to be 
common to most magnetic memo- 
ries. Succeeding chapters describe 
magnetic memory systems in ap- 
proximately historical order. 
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SYMBOLS USED IN PART V 


B; 
C 


CRI, CR2,--- 
dVnz 


dVz 


Fa 


Ig 
Ir 


Iu 
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Intrinsic induction 
Capacitor, 
capacitance 
Specific diodes 
First half-selected 
ZERO output signal 
First disturbed 
ZERO output signal 
Total applied mmf, 
selection core 

D-c threshold mmf 
Restore mmf 
Drive mmf, X axis 
Drive mmf, Y axis 
Projected threshold 
mmf 

Switching constant 
Magnetizing force 
Driving field 
Circumferential 
field component 
Critical magnetiz- 
ing force (super- 
conduction 
threshold) 
Switching field 
In-line field 
component 
Perpendicular field 
component 

Easy axis field 
component 
Average or con- 
stant current, 

loop current 

Peak magnetizing 
current 
Information 
current 

Minimum full- 
select current 
Read current 


rVinn 


rVz 


rVi 


Re 


Ri, 82) > > 


t, T 


Tp 
T es 


Ts 


UVaz 









Switching current 
Switching 
threshold current 
Write current 
Inhibit current 
Drive current 
Ratio of Jy to Ip 
Length 
Inductance 
Inductors, prim 
and secondary 
circuits 
Inductances, pri- 
mary and second- 
ary circuits 
Integer 

Mutual inducta’ 
Integer 

Drive winding 
Output winding 
Turns values, 
drive and output 
windings 
Half-selected re 
disturbed zERO 
output signal 
Half-selected re: 
disturbed ONE 
output signal 
Read-disturbed 
ZERO output sig, 
Read-disturbed 
ONE output sign 
Resistor, 
resistance 
Swamping 
resistance 
Specific resistors 
Complex freque 
variable 
Instantaneous 
time, time dura 


uVar 
uVz 
uVy 
V 


V 


Vout 
Vp 
Vz 


WVaz 


Critical wVar 
temperature, 

superconduction 

Output signal wVz 


peaking time 

Restore switching 

time wV, 
Switching time 

Undisturbed half- 


selected zERO out- x 
put signal 
First half-selected X,Y,Z 


ONE output signal 
Undisturbed zERO 

output signal y 
Undisturbed onE 


output signal a, Bn, OW 
Average or con- 

stant voltage ® 

Total volume Pa 

Bit plane output 

voltage P&B 

Peak output 

voltage Ps 

ZERO output min 
voltage 

Delta voltage max 
Primary circuit 

voltage H 

ONE output 

voltage 

Half-selected L 
write-disturbed 

ZERO output 

signal (boldface) 


Half-selected 
write-disturbed 
ONE output signal 
Write-disturbed 
ZERO output sig- 
nal 
Write-disturbed 
ONE output sig- 
nal 

Fractional toler- 
ance of Iw 
Geometrical 
dimensions, 
memory matrix 
Fractional toler- 
ance of I; or Iz 
Specific vector 
rotation angles 
Constant flux 
Switching flux, 
selection core 
Switching flux, 
memory core 
Switching flux 
(subscript only) 
Minimum value 
(subscript only) 
Maximum value 
(subscript only) 
Value at high 
current limit 
(subscript only) 
Value at low 
current limit 
Vector value 
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22.1 Basic Memory Characteristics 22.4 Limitations on Core Switching 
22.2 Basic Memory Configuration 22.5 Types of Magnetic Memories 
22.3. Memory Operation 


A means for storing a quantity of data, either temporarily or 
indefinitely, is a basic requirement of digital data-processing systems. 
The device which provides this storage, along with the associated 
driving and sensing equipment, is called a memory. Part V is con- 
verned with memories using magnetic cores and similar devices to 
provide the storage capability. 

The memories described are used to store words. A word is a block 
of binary data of a given number of bits. The number of bits per word 
in determined by the parent data-processing system. A given word is 
atored at a given address, which is a spatial location in the memory. 
‘he address at which a word is stored is determined by the state of an 
wldress register at the time of inserting the word. A set of magnetic 
vores constitutes each address, one core for each bit of the stored word; 
(he remanent states of these cores correspond to the binary onEs and 
#Wnos of the word stored in that address. The memories of Part V are 
random access; arbitrary addresses may be put into the address register. 
This capability contrasts with that of serial-access memories, where a 
‘loved word is available only at a fixed point in a time cycle. These 
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latter are typically magnetic drums, and are outside the scope of thi 
book. ; 

The extraction of a given word from a memory (the circuit energiz 
tion necessary to place the word on output lines) is called read. Th 
time elapsed between the presentation of a new address to a memo 
and the appearance on output lines of the stored word is termed t 
access time. The replacement of the word thus extracted (or of a ne 
word) is designated write. The total time required at each address 
called the cycle time, which in square-loop ferrite core memories ma 
vary from 1 us to several hundred microseconds. 

The ferrite core memory is the result of a long struggle to achie 
effective and practical electronic storage of data. Vacuum-tube fli 
flops and relays have been used in the past for smal] storages. Befo 
the use of cores, large storages were invariably serial access, and t 
time consumed in waiting for data usually set the limits to the desi 
of data-processing systems. Only for specialized applications, a 
then only with sophisticated design techniques, were the inflexib 
characteristics of serial-access storage turned to advantage. 
addition to ferrite core memories, the Williams tube,! or electrosta 
storage tube, is also a solution to the problem of furnishing reasonab 
speed and random access in a data storage device; the device, howey 
requires considerable equipment and sensitive adjustments. 


22.1 Basic Memory Characteristics 


There are a number of physical features and operating characteris 
common, in general, to all random-access magnetic memory syste 
The essential form and operation of ferrite core memories can 
described in terms of these common features. Six general features | 
the typical memory are: 


1. The great majority of practical memories in use today empl 
ferrite cores as memory elements. The systems described will rema 
essentially unchanged when certain other devices (such as the Twis 
and thin films described in Chapter 26) are used as memory elemen 

2. All words are stored in binary form, one bit per core. The fl 
retentivity characteristics of ferrite cores are well suited to storing & 
indicating binary ONEs and ZEROs. 

3. A word can be read from a designated address in the memory wi 
the same access time as the word from any other address; ferrite @ 
memories are all inherently random access. ' 

4. Read of a given word from the memory is destructive (See 
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7.2); conventionally, the word is rewritten immediately to memory. 
Thus read is normally followed by write. The read also serves as a 
clear, preceding write, which ensures that the cores at the address used 
are in a clear state, whether for replacing the information obtained by 
the read or for inserting new information. Although some systems 
employ nondestructive read, the great majority read destructively and 
operate in read/write cycles. 

5. A word is read from an address by driving the cores at the address 
in the zERo direction with full switching mmf F's. Further, the wind- 
ings in core memories are almost invariably one-turn windings, so 
(hat, throughout Part V, full-select current is assumed to be synony- 
mous with full switching mmf. Write is accomplished as follows; 
namely: a ONE is written into a core by switching the core into the oNE 
state with full-select current, a zERO is effectively written into a 
cleared core simply by not switching to the one state. 

6. The number of memory cores used is equivalent to the number of 
bits stored, but all other components are relatively few by comparison. 


22.2 Basic Memory Configuration 


A great many schemes have been developed for packaging magnetic 
memories. Novel and ingenious mechanical design techniques have 
evolved from efforts to develop compact plug-in memory units and to 
simplify the fabrication and maintenance of these units. Memory 
packaging is an extensive subject in itself, not within the scope of this 
hook. There are two major types of random-access magnetic mem- 
ories, the cotncident-current memory (CCM) and the linear-selection 
memory (LSM). The CCM is described in detail in Chapter 23 and 
the LSM in Chapter 24; the following description distinguishes 
between the two memory types. 

Memory Array. The typical ferrite core memory, whether a CCM 
(lig. 23.1) or an LSM (Figs. 24.1 and 24.2), is composed of a number 
of memory cores arrayed in a set of parallel planes forming a three- 
dimensional matrix, surrounded by associated driving and sensing 
direuitry. 

ach bit of each word is stored in a single memory core. It is 
vonvenient to imagine that the memory cores of the matrix are 
arranged in a set of planes in the X Y dimension, called bit planes (Figs. 
¥3.1 and 24.1). These bit planes can be thought of as physically 
soparate subassemblies, although many memories are, in fact, wired 
between planes, and bit planes cannot be separated. 

The cores representing a given word are arrayed in the Z direction, 
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one per bit plane, in the same relative position in each plane. The 
cores in a given plane, then, include a single bi: for all words stored i 
the matrix, and the number of bit planes is determined by the numbej 
of bits in each word. 

Each line of cores in the X dimension, in all bit planes, is called a row; 
each line in the Y dimension, in all bit planes, isa column. The addres 
of a particular word, then, may be given as mw 20, column 34, an 
the individual bits of the word are stored in aline of cores lying, on 
per bit plane, at the intersection of row 20 anc column 34. 

In a CCM, there is a row of column drivers along the X dimensio: 
and a column of row drivers along the Y dimension. ‘To read, in¢ 
CCM, a half-select current in a designated row winding and a simi 
current in a designated column winding of each bit plane combine 
drive the cores at the intersection of a row and column to zERO. Othe 
cores in the selected row and column are said tc be half-selected. Ha 
selected cores do not switch because half of the current needed 
switch the memory cores is less than the d-c threshold mmf Fp of th 
cores. 

In the LSM, a single full-select amplitude current in a word d 
winding drives the cores at the address to zero. There are no dik 
turbances to unselected cores during read. ; 

The memory cores are usually very small, typically 0.080 or 0.050 
in outside diameter, and are available in severe] materials which diff 
mainly in d-c threshold mmf Fp and, therefore, in operating spee¢ 
Although very small, the cores are simple to wre, since no secure ¢¢ 
tacts are required. A given wire is laced through a given core j 
once and passed directly to the next core. 

Memory Wiring. The wiring in a memory natrix provides cire 
for core driving currents during both read and write and for sen 
outputs during read. A great variety of wiling patterns are 
some LSM systems require just two windings per core, but most OO 
and LSM systems require from three to six windings. The wi 
often serves as physical support for the memcry cores, as well as 
circuit paths. In addition, the wiring often mist be arrayed in such 
way as to cancel, or at least minimize, induw:tive coupling betw 
adjacent windings. 

A wire passing through a memory core constitutes a one-turn Will 
ing. The net mmf applied to the core may be equal to the current | 
one wire, or may be the algebraic sum of currents in several wires, — 

In the CCM, the row drive winding and column drive winding whit 
intersect at a desired word location carry read and write currents, 
the LSM, a single word drive winding is passed in the Z direet 
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directly through all bit planes. In some CCM and LSM systems, 
bidirectional windings are used to perform the read/write function; 
in others, separate unidirectional windings are used for read and for 
write, doubling the winding requirement, but simplifying current 
driver design. 

In addition to the drive windings, which pass through all bit planes, 
two other types of windings, each of which passes through all of the 
cores in a single bit plane, are required. One of these windings carries 
pulses which control the inserting of oNEs and zERos; the other carries 
the induced voltage output of the selected core. Since the first of 
these, the information winding, is required only during write and the 
second, the sense winding, only during read, the two are sometimes 
vombined in a single winding called the bit-plane winding. Individual 
Windings are more often used, to eliminate the need for short delays 
between operations and to reduce noise in the sensing operation. In 
the LSM, information pulses may inhibit write current in bit planes 
Where zEROs are to be stored, and enhance write current where 
ONS are to be stored. In the CCM, only the inhibiting action is 
possible, and the term inhibit winding is here preferred to informa- 
tion winding. 

Addressing Circuits. A variety of coding schemes have been 
ipplied to the addressing circuitry external to the memory core array. 
‘The memory cores are usually driven by a matrix or matrices of selec- 
tion elements, which might, for example, be square-loop cores or diodes. 
The selection elements may in turn be driven by matrices of addressing 
#lements; both are driven ultimately by current drivers. 

In the LSM, the selection circuitry is straightforward, but com- 
ponent count is often high. In the CCM, the selection matrix design 
is more complicated, but component count is low for large memories. 
Neveral selection schemes applicable to most random-access magnetic 
momories are described in Chapter 24. 

Output Circuits. The read outputs of selected cores are carried by 
sonse windings, each of which passes through all cores in one bit plane. 
Sense amplifiers, one associated with each bit plane, are used in most 
systems to discriminate between ONEs and zEROs in these selected out- 
puts, and to amplify and reshape all one signals for transmission to 
(he parent data-processing system. The outputs of the sense ampli- 
flors are also fed into a memory register, which then controls the inser- 
tion of ONEs and zEROs in the write operation. 

Memory Capacity. The capacity of a memory is measured in bits, 
and is the number of words times the number of bits in each word. 
Vor purposes of comparison, memories can be conveniently grouped as 
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small (up to 10° words), medium (10° to 10* words), and larg 
(104 to 10° words). Very large memories (over 10° words) invol 
serious design problems. 

The capacity of a magnetic memory is limited by the maximum 
number of memory cores that can effectively be driven at a sing) 
address, and by the maximum number of such addresses that can be 
effectively combined in a single memory unit. The number of bits 
per word is loosely limited by the load involved in the simultaneo 
switching of a large number of stored onrs. For practical purpose 
this limitation is unimportant; storage of 64-bit words is quite reason 
able. The limitations on word capacity are more significant; twé 
effects of operation with high-capacity bit planes limit the practical 
size of the planes. CCM bit planes are limited in size by the cumu 
latively significant noise output produced by a great many individua 
trivial noise outputs from unselected cores. A second effect, thi 
transmission-line effect, results in a time variance of outputs from 
words stored in different parts of the bit plane. 


22.3. Memory Operation ; 


Each memory core stores a binary ONE or ZERO, and corresponding 
is said to be in the ov £ state or the ZERO state. These two states a@ 
defined in Chapter 4; in general, any pair of remanent flux states tha 
can be read so as to induce output voltages which are clearly an 
consistently distinguishable from each other can be used to represen 
ONEs and zERos. In the design of ferrite core memories, it is generall 
necessary to operate on one of a family of roughly symmetrical hyste 
sis loops in which flux changes are somewhat less than those produé 
by alternate applications of saturating mmf. These loops general, 
exhibit a higher squareness ratio and a higher relative switching thresh 
old than the major loop, and are more adaptable to operations requirift 
partial core selections. } 

The function of full-select current is simply to drive memory cor 
flux either in the zero direction or in the oNE direction. When 
memory core is in the onE state, and a current of the proper amplitud 
duration, and polarity is applied, the core switches to the zERO state, 
inducing voltage in the sense winding. In memory design, the symk | 
Iy is commonly used to represent minimum full-select current; th 
symbol indicates an mmf of just sufficient amplitude and duration 
switch a core or set of cores. The symbol Js is used to indica 
nominal switching current, to distinguish this value from the minim 
allowable value Jy. Partial-select currents, used when two or th 
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currents are to be combined to produce full-select current, are repre- 
sented by such values as 3/5 and 37s. Components of Js include 
read current Ip, write current Iw (equivalent to Ip in many systems), 
information current I; (usually called inhibit current Iz in the CCM), 
and switching threshold current Ir. 

The d-c threshold mmf Fp of a ferrite core is clearly defined; the 
core can repeatedly receive a large fraction of the current required for 
full switching with only a negligible net flux change. This resistance 
to partial switching is particularly valuable since the coincidence of 
partial-select currents to produce a full-select current in a designated 
core is used in all ferrite memories, with the result that many unselected 
vores receive partial-select current during every read/write cycle. 
‘This undesirable application of partial-select current is an unavoidable 
consequence of the necessity to employ far fewer current sources than 
memory cores. 

Since ferrite cores switch between states in a nearly square hysteresis 
loop, the effect of noise is usually small and the discrimination of ONES 
ind zERos in induced output voltages is good. Unlike flux changes, 
these output voltages are dependent upon many parameters, but 
proper design of the sense amplifiers provides a consistent ONE-to- 
ywro discrimination. 

Upon application of Js in the read direction to the drive windings of 
i given word, magnetic flux is affected in each memory core storing a 
bit of the word, and voltage is induced in each sense winding. Cores 
originally in the ONE state are switched to zERo by Js, and relatively 
high voltages are induced in the associated sense windings. Cores 
originally storing zEROs remain in the zEROo state, so that only slight 
output voltages of short duration are induced. Sense amplifiers, one 
per bit plane, detect the onEs and zERos. The word is then fed into 
(he memory register. 

Read is destructive, and the read word must be stored momentarily 


‘in the memory register, for subsequent writing. The word in this 


register is simultaneously available as output. A new word may be 
substituted, optionally, into the memory register prior to write. 

Since all of the selected cores are in the zERo state after read, write 
vonsists of entering ONEs in appropriate cores and leaving the remaining 
vores in the zERo state. A write pulse or combination of pulses tends 
(0 write ONEs in all cores of that address, whereas information pulses 
designated by the memory register are applied individually to each bit 
plane to control the write so that those cores which are to store ZEROS 
(lo not switch to onn, but the others do. Write is, in the CCM, by 
triple coincidence, and in the LSM, by double coincidence. Unselected 
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cores in both CCM and LSM are disturbed during write, but to 
greater degree in the CCM. i 


22.4 Limitations on Core Switching 


ing. One of these limitations is imposed by the Fp of the cores. 
second limitation is that of temperature. a 
Effects of Switching Threshold. The minimum Fp threshold 
Ir (the limit on the partial-select current), and therefore it also limit 
the full-select current Is, since 7; must be the sum of the partial-sele 
currents. None of the unselected cores subjected to partial-sele 
currents can be permitted to receive an mmf greater than I7. Th 
requirement limits the full-select current, which is the sum of 
partials. Since core operating speed is related to applied mmf, spe 
is therefore limited by the value of Ir. Attempts to save time wi 
higher mmf’s are somewhat self-defeating, since with present ferri 
where operation is not on the major hysteresis loop, the project 
threshold mmf Fy increases with operating current; a higher mmf d 
ing read (to shorten the switching time) results in a longer wri 
switching time. Typical core switching times are 1 us for one « 
type with an output of 150 mv, and 3.5 us for a slower type with 
output of 40 mv. Core manufacturers now produce cores of bett 
uniformity which operate more nearly on a major loop than cores 
in the early years of core memory work. Improvements can 
expected to continue. Tac , 
Effects of Temperature. There are many applications in which ti) 
operating environment of a digital data-handling system is not 
perature-regulated. In such cases, temperature coefficients must 
included in the specifications of ferrite memory cores. At high 
temperatures, the effects of temperature are more severe. 
switching threshold current J7 decreases with increased temperat 
cores begin to produce noise, and the switching flux decreases. Tor 
perature compensation of the driving currents can widen the 
perature range over which operation occurs; for the LSM a spread 
0°C to 50°C is not unreasonable. Proper choice of driving cure) 
permits operation at any temperature not close to the Curie polit 
For example, operation has been demonstrated at 100°C for a typ 
core type with the Curie point near 200°C. The state of the art, 
respect to Curie temperature, is advancing rapidly. abi 
Data regarding the temperature-sensitivity characteristics of fo 
core materials usually include on® and zERO output voltages and 
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associated switching and peaking times, all varying as a function of 
temperature. When drive currents are held constant, the limiting 
effect at high temperatures is that Jy decreases with increasing tem- 
perature. At some point, Jr becomes less than the partial-select cur- 
rent being used, so that some switching to one takes place during the 
disturbance of cores supposedly holding zeros. This switching to 
ONE causes undesirable outputs in subsequent reads. Operation is 
avoided above this temperature. 

Another manner of representing the effect, of temperature on core 
operation is to consider the drive current as a variable proportional to 
/y at each temperature, by keeping the zERo output below a tolerable 
maximum value. <A plot from such data for typical ferrite material 
indicates an essentially linear relationship between Jr and tempera- 


(ure, with such corresponding values as 550 ma at 0°C, 425 ma at 
50°C, and 300 ma at 100°C. 


22.5 Types of Magnetic Memories 


There are several types of random-access magnetic memories. Of 
(hese, two major types, the LSM (Chapter 24) and the CCM (Chapter 
23), are in general use today. Although performing identical func- 
lions, the two differ in several important respects. The characteristics 
of these and other memory types are here compared briefly, with types 
discussed in the order of increasing circuit complexity. (The CCM is 
presented before the LSM in chapter order by historical preference.) 

Direct-Drive Memories. The simplest memory possibility, con- 
veptually, is a device in which the core is used solely for storing. A 
selection device is used which has as many output lines as there are 
wores. Such a direct-drive memory (Section 25.3) has very limited 
Application. 

Linear-Selection Memories. In the LSM, a single word selection 
#lement drives each word (Fig. 24.1). Each selection element has a 
single output line for all of the associated memory cores. This single 
output is sufficient for read. During write, this output is aided by the 
woincident action of information pulses, one per bit plane. For 
example, the information winding may add 4/5 to a 2/5 write current 
(o write onEs, and subtract 3/5 from the 37s to write zERos. In this 
example, no core, during write, is disturbed by a current greater than 
4/4, and no core is disturbed at all during read. 

The LSM is the result of efforts to reduce or to eliminate the prob- 
lom of half-selected cores encountered in the historically earlier CCM. 
‘The squareness of ferrite cores now available (and of the magnetic 
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devices under development described in Chapter 26) is sufficientl 
high to permit reliable operation in CCMs even when the cores are 
subjected to repeated half-selections. However, the LSM has since 
found application beyond the elimination of the half-selected core 
problem. The LSM is under intensive development in a great variet; / 
of forms 2? and is the preferred memory for most small- and medium 
capacity applications. 
The selection elements in an LSM are often addressed by the coine 
dence of two pulses, or by the coincidence of a single pulse and a specifi¢ 
lack of pulse. Some of these coincidence schemes produce disturk 
ances in some of the unselected selection elements, but these diss 
turbances must be designed to be small so as not to be significant: 
passed on to the associated memory cores. { 
Several techniques are used for word selection elements, son 
employing square-loop cores, some pulse transformers, others trai 
sistors or vacuum tubes in combination with diodes. In each casé 
the number of word selection elements is equal to the number of word 
stored, and many systems also require one or two diodes as part of th 
selection element. The resulting high component count often pré 
hibits the use of the LSM as a memory of very large capacity. f 
Coincident-Current Memories. If 2:1 is the allowable rat 
between drive current and partial-select current, then a third po 
sibility emerges. For now, by using two currents in one direction a i 
one of opposite direction, writing by triple coincidence is possih 
writing a ONE in a given core requires that both half-select curren 
appear at that core at the same time that the third current is absent 
and writing a zERo requires that the third current be present. Rew 
requires only the first two currents. This is the CCM (Fig. 23.1). 
Possibilities for Higher Order Selection. If the ratio of full-se 
current to partial-select current can be made closer than 2:1, ext 
dimensions can be added to the selection process.‘ Four dimension 
(three for word selection and one for bit location in the word) can 
achieved with a nominal 5:3 ratio between the currents in seleet 
and unselected cores. Presently available cores are not this good. 
achieve a 5:3 ratio, more complicated driving circuitry is requi 
especially since the nominally off inhibit driver is not completely off 
Schemes have been developed to increase the full-select to part 
select current ratio by adding redundant drivers.’ For example, 
extra wire can be threaded in each core such that triple coincide 
can be obtained at each selected core but no double coincidence at ar 
other core. Diagonal wires, for example, can be added to the patt 
of horizontal and vertical wires of a CCM in a Chinese checkerbo 
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arrangement, such that a selected diagonal wire intersects the selected 
horizontal and vertical wires at their common intersection but nowhere 
else. The constraints on the addressing of the redundant selection 
drivers become quite costly in terms of decoding equipment. The 
higher order coincidence scheme has not found favor in practice. 

Comparison of CCM and LSM. The significant difference between 
the CCM and the LSM is that the CCM employs a coincidence of two 
half-select currents at each addressed core, and the LSM employs a 
single full-select current to drive the same address. The two drive 
windings in a CCM follow circuitous paths and leave half-selected cores 
in every bit plane, in achieving the function accomplished by a single 
straight drive wire in an LSM. In a 20-bit, 4096-word CCM, 2450 
of the total 81,920 cores are affected in a single read, but in a com- 
parable LSM, only the 20 selected cores are affected. 

During read and write, each memory core in a CCM must react to 
full-select currents and ignore partial-select currents. Since the 
switching threshold current Ir of ferrite cores in common use is roughly 
60 or 65 per cent of minimum full-select current, the memory cores 
receiving Zs are operating very close to disaster. In effect, the cores 
must discriminate, within a fine tolerance, between significant pulses 
and insignificant pulses. The memory cores in an LSM must dis- 
criminate between pulse magnitudes only during write, and usually at 
i far more favorable ratio than ina CCM. There are no read partial- 
select currents in the LSM, and write partial-select current need not be 
more than 3/s. The cores thus have a much simpler pulse discrimina- 
tion task. Noise output on the sense line at read time is also far 
better with the LSM because of the lack of partially selected cores in 
(he bit plane. 

A comparison of current tolerances for the CCM and the LSM 
(I'ig. 22.1) emphasizes the tolerance advantage of the LSM. For 
example, if the ratio of minimum full-select current to threshold cur- 
rent (Iar/Ir) for the memory cores used is 1.6 (a typical value), the 
wurrent tolerance for the CCM is 7.5 per cent whereas the tolerance 
for the LSM is 24 per cent. For the CCM, inhibit current tolerance is 
plotted against read/write current tolerance. No distinction need be 
made between read and write currents for the CCM, since these are 
hominally equivalent. For the LSM, information current tolerance is 
plotted against write current tolerance. No analysis of read current 
tolerance is necessary for the LSM, since no coincidence of currents is 

employed for reading. Detailed analyses of current tolerances and 
other data have been developed for the CCM (Section 23.4) and for the 


LSM (Section 24,2). 
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On the basis of component count, the CCM and the LSM may diff 
significantly. If each bit plane is equal in the X and Y dimensions 
and n words are stored, 2 +/n is the number of selection elemen 
required for reading or writing in a CCM. The LSM employs 
selection elements for n words. The selection elements are usually i 
the form of a matrix, often square. The selection elements may be 
turn selected by current drivers along each side of the matrix. 
this arrangement, 4 \/n current drivers are needed for a CCM an 
2 +/n drivers for the LSM. If the drivers for a CCM have twice t 
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FIG. 22.1. Current tolerance ratios, CCM and LSM. 


number of parts as those for the LSM (because of the accuracy requ 
ments), then only for 256 words or less does the LSM have a ¢ 
ponent count advantage. At 4096 words, the driver circuits for 
CCM have one-half the parts count of those for an LSM. : 

Special-Purpose Memories with Conventional Memory Elemen 
The preceding discussion has been concerned chiefly with gene 
purpose magnetic memories. Conventional magnetic cores can 80) 
times be used for various special-purpose memories. Requirements 
special-purpose memories include, for example, permanent stor 
serial access, small capacity, nondestructive read, and extreme envi 
mental stress. Special-purpose magnetic memories are discussed 
Chapter 25. { 

General-Purpose Memories with Advanced Memory Ele 
Four types of magnetic memories under development are based U 
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the. use of new magnetic components as memory elements. One of 
these involves the use of multiaperture ferrite plates to replace bit 
planes.* This technique presents a type of memory very different in 
physical appearance from ferrite core memories but similar in con- 
figuration and operation (Section 24.6). 

Three other basic magnetic elements are also interesting. One of 
these is the T'wistor,® in which a helically twisted or wrapped wire of 
magnetic material is made both to carry current and to sense the 
voltage induced by flux switching within itself. Another technique 
uses thin, vacuum-deposited, metallic films instead of ferrite cores.’ 
Switching times of less than 0.1 us have been observed on single 
samples, using drive currents suitable for coincident-current operation. 
Both Twistors and thin films are much like cores in their method of 
operation. The third technique is the superconductive, or trapped- 
flux, memory element.’ This element provides extremely fast switching 
times and extreme freedom of noise from partially selected elements. 
These three devices are described in Chapter 26. 
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23.1 CCM Form and Operation 
23.2 The Core Disturbance Problem 


23.3 Auxiliary Circuits 
23.4 CCM Design Tolerances 


A coincident-current memory (CCM) is a random-access magnet; 
memory in which all cores in an address are read by the coinciden 
action of a pair of currents. Each bit of the designated word is selee 
from a plane of ferrite memory cores by driving one current through 
designated row of cores and a second current through a designa 
column of cores. The currents combine at the intersection of the r 
and column to drive the selected core. Since many of the unselec 
memory cores receive substantial half-select currents, strict tolerant 
must be imposed upon core switching characteristics and upon 
driving currents if erroneous outputs are to be avoided. Howevel 
by selecting a word at the intersection of a designated row and colum# 
the number of selection elements required can be reduced. In 
typical case, reduction can be made from one per word, as is requi 
in the linear-selection memory (LSM, Chapter 24), to the square 
of the number of words stored for a square array. A great saving 
components is achieved, then, by the use of the CCM, particularly fi 
large memories (greater than 10* words), but at the expense of st 
design tolerances. Continued improvement in the quality and 
formance of ferrite memory cores, as well as the introduction of 
magnetic memory elements, indicates great promise for fu 
development of the CCM.'-8 


* Now with Aeronutronic Systems, Inc. 
372 



























Coincident-Current Memories 373 


This chapter describes the configuration and basic operation of the 
typical CCM and also discusses the important CCM design problems. 
The material in Chapter 22 is important to the discussion of the CCM; 
in addition to describing the basic concepts of magnetic memories, 
the chapter includes a comparison of the CCM and the LSM. Several 
of the word selection techniques described in Sections 24.3 through 
24.6 are applicable also to the CCM. 


23.1 CCM Form and Operation 


The memory elements in the great majority of CCM systems are 
small, square-loop ferrite cores. (Metallic-tape cores have also been 
used as memory elements, but disadvantages for this approach far 
outweigh the advantages.*) The CCM is possible because of two 
important characteristics of magnetic cores: the bistable flux reten- 
tivity of these cores is ideally suited to storage of binary information, 
and the cores can repeatedly receive any partial-select current below 
threshold with only very small net flux change. The use of these 
elements for the memory function is discussed in Chapter 22. 

Physical Arrangement of the Typical CCM. Because of the 
addressing technique used, the variety of geometrical configurations 
possible with the CCM is limited. The memory cores in the typical 
CCM (Fig. 23.1) are arrayed in a set of bit planes, each plane including 
one bit of all words. A sense amplifier and an inhibit driver are 
associated with each bit plane; a memory register receives signals 
from the sense amplifiers and controls the inhibit drivers. 

If the memory is to store 64 words of 20 bits each, for example, 20 
bit planes are used, each plane mounting 64 cores, and in any read or 
write, one memory core in each bit plane is addressed. The bit plane 
is often square (equal numbers of cores in rows and columns) but 
rectangular bit planes are not unusual. For simplicity, this chapter is 
concerned only with square bit planes. 

ach memory core is threaded by a sense winding, an inhibit wind- 
ing, and either two or four drive windings. Four drive windings are 
more often used to provide separate paths for read and write, so that 
currents can be unidirectional. Each row or column drive winding 
links all cores in one row or column of all bit planes. A sense winding 
and an inhibit winding each link all cores in one bit plane, the sense 
winding functioning during read, and the inhibit winding during write. 
Common practice in CCM design is to provide separate windings for 
the sense and inhibit functions, to permit reading immediately after 
Writing without interference from the turn-off of write; the sense and 
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inhibit functions can, however, be time-shared on a single winding, if 
necessary. The inhibit winding is unipolar, since the inhibition of 
writing is necessarily in the read direction. 

The sense winding, in most cases, is bipolar; the geometry of the 
winding pattern is such that half of the cores in the plane are sensed 
in one direction and half in the other direction, and, in effect, noise 
outputs of any pair of disturbed cores are mutually canceled. The 
cumulative noise effect in the bit plane is thus greatly reduced, and 
& ONE output (of either polarity) from a selected core can be more 
easily distinguished from a combined zERo output and noise output. 
The sense winding is wired in such a way that inductive coupling 
between drive windings and sense winding and between inhibit and 
sense windings is effectively zero. (A diagonal orientation is some- 
times used.) Core winding geometry is in itself an extensive subject; 
there is practically no limit to the core winding variations which can 
be devised. 

Each row and each column in the memory require a half-select 
current of one polarity for read, and a current of the opposite polarity 
for write. Each half-select current may be supplied directly from a 
current driver, but in many CCM systems it is supplied from a selec- 
tion element which in turn is driven by two current drivers. The 
current driver used in either method may be bidirectional, but separate 
read and write drivers are often used. The selection elements used 
for the indirect method of driving are nonlinear elements such as 
metallic-tape cores or diodes associated with pulse transformers, each 
with a single bipolar output winding. 

If the rows and columns of a 4096-word memory are driven directly 
from current drivers, 256 drivers are required; if the selection element 
matrices are used, only 64 drivers are required. The use of the 
matrices increases memory cycle time, but for most applications the 
substantial reduction in driving circuitry more than justifies the speed 
reduction. The design and operation of several basic types of selec- 
(ion element matrices is discussed in Sections 24.3 to 24.6. 

Operation of the Typical CCM. When a word is to be read from, 
or written into, the memory, the set of memory cores storing the word 
is driven by currents producing 7s. When the parent system deter- 
mines that a word is to be read from the memory, a coded address is 
transmitted to the memory to initiate the read/write cycle. One row 
driver and one column driver in each of the two selection matrices are 
energized and a flux is switched in one selection element in each 
matrix. The flux change in the addressed row selection element 
generates }/s in one row winding and a similar current is generated in 
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an intersecting column winding. The combined J/g drives the cores 
at the row/column intersection in the zmRo direction. Sense amplifiers 
discriminate between oNEs and zEROs in the induced outputs in each 
bit plane. Since the sense winding is bipolar, a oNE may be of either 
polarity, but voltage induced in either case is substantially greater 
than a zERO output. The sensed word is then put into the memory 
register. 

The read word is replaced in the memory by causing the appropriate 
row and column selection elements each to generate 4/g currents of 
polarity opposite to the read currents in the row and column windings 
of the selected word. The combined Js drives the selected memory 
cores in the one direction, and the presence or absence of J inhibit 
current, under memory register control, and of read polarity in each 
bit plane, controls the writing of zERO or of ONE. 


23.2 The Core Disturbance Problem 


The departure from perfect squareness of the so-called square-loop 
ferrite core, although slight, is sufficient to present a significant CC 
design problem. The study of the problem is, in fact, the most critic 
aspect of CCM design. The noise output of a single core disturb 
by a half-select current is small, but the uncompensated cumulati 
worst-case effect of many such outputs in a single bit plane can crea 
for the associated sense amplifier an impossible ONE-to-zERO discri 
nation problem. The reliability of a CCM is thus greatly dependen 
upon the squareness ratio of the memory cores used. 

Nature of the Problem. Every read or write in a CCM produce 
disturbances in many unselected cores, and the combined indue 
output of these cores adds a serious noise signal to a sensed onE from 
selected core.!° The half-select problem thus becomes more significan’ 
with increased memory capacity. 

During the reading of onEs or zEROs (Fig. 23.2), and during ti 
writing of onss, the flux states of all unselected memory cores | 
selected rows and columns are disturbed by $/s current. During t 
writing of zERos, all cores in the bit plane, except the unselected co 
in the selected row and column, are disturbed. Both read or wri 
current can disturb both onEs and zERos. Because of the rand 
addressing of words by the parent system, it is quite possible for d 
turbances to be repeated many times for a given core before a read fu 
switches the core. The first in such a series of disturbances in a gi 
core has the most significant effect on remanent flux. Howe 
these disturbances have. some cumulative effect; complex histories 
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(c) 


Read and write of oNEs and zEROs, 16-word CCM. 


FIG. 23.2. 


(a) Read one core 23. Core 23, stor- 
ing a ONE, switches fully to the zERo 
atate, inducing a strong output signal. 
Unselected cores in row 2 and column 3 
receive read-disturb current, and induce 
noise output. No other cores in the 
plane receive current. 


(c) Write oNE core 23. Core 23 
awitches fully to the onzE state, to store 
i ONE. Unselected cores in row 2 and 
column 8 receive write-disturb current. 
No other cores in the plane receive 
ourrent, 


(d) 


(b) Read zERo core 23. Core 23, 
storing a zERO, is disturbed by being 
driven further into the zERo state, and 
induces a noise output. Unselected 
cores in row 2 and column 3 receive 
read-disturb current, and induce noise 
output. No other cores in the plane 
receive current. 

(d) Write zero core 23. Core 23 
is held in the zmRo state, but is dis- 
turbed. Unselected cores in row 2 and 
column 8 receive negligible disturb cur- 
rent. All other cores in the plane 
receive read-disturb (inhibit) current. 
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the remanent states of unselected cores can develop, each with a differ- 
ent effect on a subsequent read. 

Each disturbance of an unselected core during read has an immediate 
and an indirect effect on memory operation: the voltage induced by 
the disturbed core contributes noise to the sensed output of the bit 
plane, and the modified remanent state produced by the disturbance 
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FIG. 23.3. Full-select and half-select hysteresis loops, CCM ferrite core. 


alters the output voltages of subsequent reads and disturbs of thi 
core. The disturbance of a core during write produces the same und 
sirable modified remanent state. In normal CCM operation, ev 
sensed ONE output is a complex combination of a number of low-volta; 
disturbance outputs of both polarities and a single, slightly variabl 
selected core output of relatively high voltage. The absence of such 
high-voltage output is assumed by the sense amplifier to be a ZpnO 
The cumulative effect of the disturbed cores in each bit plane duri 
read, particularly in memories of very large capacity, is a signific 
factor in the discrimination of oNrs and zERos. 
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Types of Disturbances. The output of a memory core induced by 
any full-select or half-select current pulse is determined by the charac- 
teristics of the core, the amplitude and duration of the current pulse, 
and the previous flux-change history of the core. In the extreme, the 


Table 23.1. Basic Pulse Sequences in the CCM 


Read ONE Write Disturb 


i or 


or 
Read ZERO Write ZERO 
Induced Voltage Output 


“L_F Read Disturb 





Pulse Sequence 





Effect on 
Last Full | Example Core 
Current Pulse} of Single Pulse Sequence Name 


(After Freeman?!) 


Pulse Sequence 
Example Core 
Number (Fig. 23.2) 
or Half-Select Pulse 
in Example Core 
Output Symbol 
(After Freeman!) 


Subsequent Read 


cycle for core 23 (Undisturbed ONE) 
pay ein, 8 (First half-selected ONE) 
Undisturbed ONE 
32 (a,c) First half-selected ONE 
43 (a,c) Write-disturbed ONE 
43 (a,c) Half-selected write-disturbed ONE 
Read disturbed ONE 
Half-selected read-disturbed ONE 
(Read disturbed ONE) 
(Half-selected read-disturbed ONE) 
(First disturbed ZERO) 
(First half-selected ZERO) 
First disturbed ZERO 
First half-selected ZERO 
Write-disturbed ZERO 
Half-selected write-disturbed ZERO 
Read-disturbed ZERO 
Half-selected read-disturbed ZERO 
43 (b, d) (Read-disturbed ZERO) 
43(b, d) (Half-selected read-disturbed ZERO) 
Pocdasopiny 9 Undisturbed ZERO (test sequence) 


No intervening Undisturbed half-selected ZERO 
pete Yor cote’ 23 (test sequence) 











variety of possible flux-change histories is infinite; within practical 
limits, there are 20 basic pulse sequences in normal CCM operation 
producing 12 significantly different voltage outputs. The types of 
disturbances can be observed by comparing their respective causes and 
offects (Figs. 23.2 and 23.3, and Tables 23.1 and 23.2). The causes of 
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these disturbances are closely related to the directions of current flow 
and the geometrical patterns of drive windings and memory cores in 
the bit plane. The nature of the geometrical relationships results in 
disturbances in some cores but not in others. Table 23.1 lists the 
possible sequences of current pulses for any given core in normal CCM 
operation. Two basic test sequences are also included. The flux 
changes in sequences involving greater numbers of pulses result in final 
remanent flux states very little removed from those of the pulse 


Table 23.2. Typical CCM Output Signals 





Pulse Output Switching Peaking Output 
Sequence Symbol Time Time Voltage 
Number (Freeman!) (us) (us) (mv) 
PS3 uVi 1.25 0.9 122.5 
PS4 unr 1.0 0.35 9 
PS8 . tVar 0.8 0.25 6 
PS9 rVi 1.25 1.0 120 
PS15 wVnz 0.75 0.25 8 
PS17 rVnz 0.75 0.25 5.5 
PS20 uVz 0.8 0.3 9 





sequences indicated. The flux changes produced by the various 
sequences of current pulses for a given core (Fig. 23.3) graphically 
indicate flux-change histories of these pulse sequences. (The various 
partial switching loops have been stylized for clarity and are not to be 
interpreted as accurate indications of current and flux values.) The 
output voltages induced by the final pulse in some of the sequences, 
and the associated switching and peaking times, for the General 
Ceramics S-1 ferrite of size 294 (Table 23.2) indicate the effects of past 
core histories. Much of the material in the figures is based upon & 
paper by J. R. Freeman which discusses the core disturbance problem 
in detail.1!_ The output voltage symbols and sequence names are all 
after Freeman and are in general use throughout the industry. 
Several assumptions are important regarding memory core pulse 
sequences (Table 23.1). Read is always followed by write; onrs and 
ZEROS are read by Js, ONES are written by Js, but zERos are alwayé 
disturbed upon write by 4/5; a core history is essentially erased by /g 
of either polarity; and the last pulse in all sequences generates the 
output voltage to which the output symbol refers. When the last 


pulse is Is, the symbol V is used; when the output voltage is the noise 


produced by a 4J/g disturbance, then V;, is used as the central porti 
of the symbol. There are actually several additional sequences — 
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which a read ONE is followed by a write zERO, or vice versa, but the 
effect of each is identical to one of the sequences listed. 

Disturbed Signal Ratio. If a given core is in the one state, the 
application of a half-select read current will cause the core to be 
altered from the original ONE state to a modified onE state. This is 
known as a read-disturbed ONE rV, (PS7 in Table 23.1). When this 
core is next selected for reading, the resultant ONE signal is less in 
amplitude than a pure undisturbed ONE signal uV. 

In a similar way, it may be shown that writing a zERO in a core 
(failing to write a ONE) subjects the core to a write-disturb current. 
The resulting first disturbed ZERO output dVz is greater in amplitude 
than the undisturbed ZERO output uVz, which exists only as a test con- 
dition, or perhaps on the first read of a newly fabricated memory. 

At all times it is necessary to distinguish between ONEs and ZEROS. 
The worst cases, then, are those in which the one signal is at a mini- 
mum and the zero signal is at a maximum. This is exactly the situa- 
tion described for the read-disturbed one and the write-disturbed 
ZERO. The disturbed signal ratio (DSR) then becomes a significant 
characteristic of the individual memory core which measures the 
capability of the core as a CCM memory cell. The disturbed signal 
ratio is defined as 


_ disturbedone — rVi 


D = 
Oe disturbed zERo dVz 


(23.1) 
This ratio would be infinity for the ideal square loop; upon the 
removal of half-select current, the core would return precisely to its 
original state, and in a subsequent read would induce no output for a 
zwRO, disturbed or undisturbed. The DSR may then be considered as 
i measure of the departure of the core from ideal rectangularity, 
corresponding generally to the squareness ratio of the core. The 
DSR value varies typically from 20 to 100, at read strobe times, 
although it is not unusual for practical systems to be designed with 
DSR values as low as 10. Squareness ratio values range from 0.85 
(o approximately 0.97. 

In the selection of individual cores for a memory system, pulse test 
programs (Fig. 23.4) are planned to determine the disturbed zERo and 
OND signals. The pulse test program for the read-disturbed onE 
signal rVy might include several half-select read currents. The pro- 
gram for the write-disturbed zmrRo signal includes a read/write cycle 
of half-select currents before reading the wVz signal, in order to elimi- 
nate reading the first disturbed zero, which usually occurs only once 
and yields unduly pessimistic results. Specifications for the onE 
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and zero signals include the peak amplitude output voltage Vp, 
the core switching time 7's, and peaking time Tp. Pulse test progra: 
are planned as a joint effort between the user and supplier of cores. 

Signal-to-Noise Ratio. A second performance ratio, the signal- 
noise ratio (SN R), considers the cumulative effect of the outputs of the 
individual half-selected cores in a single bit plane. In an ideal re 
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FIG. 23.4. Disturb signal pulse test programs. (a) Read-disturbed onw (r 
test. (b) Write-disturbed zERo (wVz) test. 


operation, only the output of a given core in each bit plane would 
sensed. Actually, this cannot be done; the sense winding links 
cores in the bit plane and therefore reads the selected core signal 

the combined output of the unselected cores. Designing the mem 
within the allowable limits of the SNR is one method of controlling 

undesired effect. The SNR, which may have values as low as 2 
practical CCM systems, is defined as i 


disturbed onrE output 
es 2 
ath output of unselected cores ( 
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Bit Plane Output Equation. To minimize the effect of the output 
of unselected cores, the sense winding is wound in a fashion to produce 
outputs of both polarities. In this way, the undesirable outputs of 
adjacent half-selected cores in the selected row and column tend to be 
mutually canceled. Since half-selected voltage outputs are of various 
amplitudes (Table 23.2), this canceling of noise is incomplete. . The 
difference between average voltage outputs of adjacent half-selected 









Output Voltage 








"NG. 23.5. Typical bit plane output voltages, where 7'pz = zERO peaking time; 
I'p, = ONE peaking time; 7'sz = zERO switching time; 7'51 = ONE switching time. 


cores is known as the delta voltage Vs. For S-1 cores (Table 23.2), 
V, is 0.5 mv for cores in the rV;, and rVjyz states. The net effect is 
culled the plane delta noise. 

Since address decoding is generally a binary problem, there is 
usually an even number of cores in any row or column. Because of 
(his, in any row or column there is an odd number of unselected cores. 
‘This leaves one core whose half-select output is not cancellable by an 
udjacent core. The sense winding output is then a combination of 
desirable and undesirable effects. The net read voltage at the sense 
winding (Fig. 23.5) is composed of the selected core output, minus 
two half-select outputs, plus the net output of the remaining half- 
selected cores which tend to cancel each other. An equation expressing 
the bit plane voltage output is of the form 


Vout = Vy — 2Vn + (n — 2)V, (23.3) 
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where V, is the output voltage of the selected core, 2V;,; is the half 
select output of the row and column cores that are not canceled b 
adjacent cores, and n is the number of cores in a row or column (n? bit 
plane array). (The 2V;, output is opposite in polarity to V;, hen 
the negative sign.) 

Post-Write Disturb. Because of the dependence of the delta volta 
Vs on past operation history and the effect of Vs on the plane outpu 





iB Cycle time 


hiéeoS eas Read time 


Write time 





X read 


Y read 


Read strobe 








X write 
Y write 
Inhibit 
drive (ONEs) 
af Possible — aaa 
Inhibit post-write 
drive (ZEROs) disturb 
Possible Wi 
ape post-write 
disturb 


FIG. 23.6. Current pulses, typical CCM timing cycle. 


voltage, it is desirable to control the contribution of Vs to the desire 
signal. A method known as post-write disturb (PWD) accompli 
this control. After completing write, all cores are energized with, 
half-select read pulse (Fig. 23.6). In practice, the PWD action 
required only for relatively large memories. \ 
Bit Plane Testing. The necessity for checking the output 
individual cores has been discussed. A method for testing the 
plane output is also necessary. This consists of placing a worst-¢ 
noise condition in the bit plane, and reading information out of all 
the cores. The worst-case noise pattern is a checkerboard array 
oNEs and zEros, and the action is appropriately termed checkerboar 
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Design Example. To further illustrate the interplay of the various 
voltages in a memory, consider the example of a memory system of 
4096 words for which the following core specifications are known: 


Minimum core ONE signal Vimin = 50 mv 
Maximum core ZERO signal Vzmax = 5 MV 
Delta voltage signal V; = 0.2 mv 


Since the design is to accommodate 4096 words, a 64 by 64 matrix is 
assumed. In accordance with eq. 23.3, the minimum bit plane output 
voltage for a ONE signal is 


Vout = 50 — (2 X 5) — (62 X 0.2) 
= 27.6 mv 
‘The maximum bit plane zERo signal is 


Vou = 5 — (2 X 5) + (62 X 0.2) 
= 7.4 mv 


A sense amplifier which can reliably distinguish 20-mv ones from 
10-mv zERos is easily obtainable and is suitable for use in this 
memory. 

The calculation procedure can be inverted to find the maximum 
plane size. If Vou, for ONE is set equal to twice Vy, for zeERo—the 
sense amplifier ONE-to-zERO discrimination ratio sets the factor, here 
assumed to be 2.0—the maximum plane size is 85 X 85, for which the 
minimum ONE output is 23.4 mv and zero is 11.6 mv. If the design 
problem dictates a larger memory capacity than the calculations per- 
mit, a core type with better noise behavior can be investigated, or the 
memory can be built up with several sense windings, each handling only 
part of each bit plane. 1? 


23.3 Auxiliary Circuits 


The timing of current drivers is dependent upon the core switching 
time 7's. A typical cycle of operations is shown in Fig. 23.6. Specif- 
loally, each current of the pairs of read and write pulses must be at 
loast long enough to completely switch the core, often taken to be 
1,5 times as long as the nominal switching time. With shorter dura- 
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tions, full switching does not necessarily occur, and erroneous data 


transfers are quite possible if memory cores are partially switch 
CCM timing cycles of from 6 us to 20 us are possible. Developme 
of cores with faster switching times indicates that future memory cy¢ 
times of the order of 1 us and less are feasible. 


The task of the sense amplifiers in the CCM is often eased by subtle 


variations in the timing. For example, the X read and Y read pul 






ZERO + delta voltage noise 


Output Voltage 
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FIG. 23.7. Waveform, time strobing of oNEs and ZEROs. 


in some CCM systems occur at different times. Only the second p 
contributes to sense amplifier noise. In this case, the X and Y puls 
must overlap at least the maximum switching time of the core. 
technique, referred to as staggered read, is still another method 
minimizing the effect of disturbed core outputs when reading. 
cuits to accomplish these functions are discussed here briefly. 
Current Drivers. Current driver specifications for the CCM 
based upon core switching characteristics and memory timing req 
ments. Each of the current drivers must deliver a regulated 
relatively high current, and be capable of withstanding inductive 
back and core switching voltages from the memory. 
In general, three types of current drivers (read, write, and inhi 
are required in a CCM system. Read and write drivers are us 
designed to deliver the same nominal current to the memory. 
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inhibit driver is designed to deliver a slightly larger current than the 
write driver, as discussed below under Design Tolerances. 

Sense Amplifiers. The sense amplifier associated with each bit 
plane distinguishes between ONE and zERo signals in the voltage out- 
puts of the bit plane, and it generally employs transistors as basic 
components. The choice is a happy one, since the sense winding has 
a low output impedance which is a good match to the input impedance 
level of transistors. 

The most common techniques used in discriminating ONE from ZERO 
are amplitude discrimination, time strobing, and low-pass filtering. 
Amplitude discrimination is applicable only in small memories. 

In larger memories, the delta voltage noise and the single-core ZERO 
output combined may be larger than a normal ONE output. In such 
cases, the difference in time of ONE and zERO peaks permits time 
strobing to discriminate between oNEs and zeros (Fig. 23.7). A 
strobe pulse 0.1 us long is typical. 


23.4. CCM Design Tolerances 


The determination of current tolerances and ratios for the CCM is 
based upon four design criteria: the effective writing of onEs, the 
effective writing of zERos, the limitation of the inhibit current to a 
value less than switching threshold current, and the similar limitation 
of the pair of read currents and the pair of write currents. A set of 
design equations which satisfies these criteria is provided by eqs. 
93,.4-23.7. All necessary current ratios and current tolerances for 
the CCM can be determined quickly and accurately from these 
equations. 

Read current may be eliminated from the discussion, since read and 
write drivers are usually designed to deliver the same nominal current. 
Independence is assumed; one current may be maximum when another 
is minimum. However, when the two currents are derived from a 
«ommon power supply, the situation is more favorable. 

In developing CCM current tolerances, several assumptions are 
followed. The minimum allowable current for full switching is Jy, 
and the maximum allowable current without switching is Jr. After 
removal of a current less than J7, the core returns approximately to its 
prior remanent state; after removal of a current greater than Jy, 
the core settles to a new remanent state. Row write current and 
volumn write current combined also have at least the value Jy. 
Nominal write current Jw is the current in either a row or a column. 
Nominal inhibit current Jz ‘is approximately equal to Jy. 
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The four design criteria stated above may be expressed as worst- 
case equations, as follows: 


2Iwmin > Im (write ONES) 


2Twmax — Izmin < Ir (write zEROS) 


Igmax < Ir (limit inhibit current) 


Iwmax < Ir (limit write currents) 


With current tolerances included (a is the allowable tolerance of J 
and y the allowable tolerance of Jz), these equations are replaced by 


20 —a)Iw = Iu 
[2(1 + 2)Iw] — [(1 — y)Iz2] = Ir 
(+ y)Iz = Ir 

(1+ a)Iw = Ir — ylz 


Equation 23.11 is obtained from eqs. 23.9 and 23.10, and demon 
strates that eq. 23.7 is automatically satisfied without being include 
in the conditions. Introducing k as a core constant defined as 


Iu 


k a (23.12 


the relation between tolerances is found to be 


(25) 
1-2 1+y 


Equation 23.18 indicates the tolerance trade-off of the read/write dri 
and inhibit drive for various core constants. In practical appli¢ 





of the ferrite memory cores in common use center around 1.6, but de 
to larger k is desirable for margin; the extremes of 1.5 and 2.0 includ 
values for other magnetic memory elements, such as the Twiste 
(Chapter 26). The plot of eq. 23.13, Fig. 23.8, should be compared { 
the similar plot for the LSM in Chapter 24 (Fig. 24.3). For exam 
for k equal to 1.6, the allowable tolerances for the CCM are approx 
mately 7.5 per cent, as opposed to 24 per cent for the LSM for eq 

tolerances on all drivers. 

A plot of the Zw to 7 current ratio, stated as 
Iw 1 


Iu 2(1 — #) (28. 
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is also included in the tolerance curves to show this ratio as a function 
of the read/write current tolerance. In a similar manner, the inhibit 
current to threshold current ratio may be expressed as a function of 


0.6 











Inhibit Current Tolerance y and Current Ratio Iy,/Tny 
o 
wW 





0.075 0.1 0.2 | 0.3 
Read/Write Current Tolerance.x | 
a a ee | 
0.7 08 0.9 0.933 10 


Inhibit Current to Threshold Current Ratio I, /I, 
FIG. 23.8. CCM current ratios and current tolerance ratios. 
the inhibit current tolerance from eq. 23.10 as 


Tz 1 

Sa 23.15 

Ip 1+ y ( ) 
An appropriate abscissa scale is used (Fig. 23.8) for eq. 23.15. For the 
oxample cited, where k = 1.6, the x and y current tolerances are 0.075, 
Ilw/Im is 0.54, and Iz/Ir is about 0.933. Thus, complete drive 
current design data can be obtained from the design equations and 
curves. 
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Linear-selection memories (LSMs) are random-access magnetic 
memories in which each word stored is addressed by an individual word 
selection element. The LSM performs the same functions as the 
coincident-current memory (CCM, Chapter 23), that of storing data 
words, one memory element per binary bit, and of permitting parallel 
read of any of these words at any time. The LSM differs from the 
(CM in that the memory elements storing a given word in an LSM 
ire read by a single full-select current, rather than by coincidence of 
(wo half-select currents. The use of this selection technique, as com- 
pared with the coincident-current technique, permits greatly relaxed 
current tolerances and core specifications. The basic memory element 
of most LSM systems is the small, square-loop ferrite core. 

This chapter describes the design and basic operation of the typical 
LSM, and also describes a number of the word selection techniques 
(hat have been developed primarily for the LSM. Many of these 
selection techniques are applicable also to the CCM. Much of the 
material in Chapter 23 (particularly Section 23.3) is useful in LSM 
design. The material in Chapter 22 is important to the discussion of 
the LSM; in addition to describing the basic concepts of magnetic 

' memories, the chapter compares the CCM and the LSM. 
391 
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24.1 LSM Form and Operation 


When a word is read from an LSM, only one core in each bit plane 
receives driving current, whereas in a CCM many of the unselected 
cores in each bit plane receive half-select current and contribute noise 
to the sensed output signal. The ability to read and write with a 
minimum of disturb noise from unselected cores is a distinct advantage 
of the LSM. 

In the CCM, as compared with the LSM, strict tolerances must be 
imposed upon all driving currents, and upon the squareness ratio, d-c 
threshold mmf Fp, and switching time of the memory cores, to ensure 
ONE and ZERO output voltages which are consistently distinguishable 
both from each other and from worst-case noise signals. In the LSM, 
these core tolerances can be greatly relaxed, thus increasing reliability 
and permitting use of less expensive memory cores. An additional 
saving, afforded by greatly simplified memory wiring, tends to be offset 
by the need for a separate word selection element for each core stored; 
the resulting high component count restricts the LSM, in general, to 
small and medium capacity applications (up to 10* words). Because 
of a greater noise immunity, wider tolerances, and greater speed capa- 
bility, the LSM may be preferred to the CCM for large capacities 
as well.} 

Physical Arrangement of the Typical LSM. In many respects, the 
LSM is physically and functionally similar to the CCM. The memory 
cores in the typical LSM are assembled either in bit planes (Fig. 
24.1), as in a CCM, or in a single plane of bit lines (Fig. 24.2). The 
technique of linear word selection permits a great variety of memory 
configurations; many other arrangements are also possible. 

Each memory core is threaded by a drive winding and a bit plane 
winding. The bit plane winding links all cores in each bit plane. To 
keep the number of windings to a minimum, the bit plane winding can 
combine the functions of sensing and of information driving. This 
combined function is possible because the output signals in an LSM 
carry far less noise than do CCM output signals. If greater noise 
reduction is required, a separate information winding may be used. 

The word selection elements (typically, square-loop metallic-tape 
cores) are arrayed either in a plane parallel to, and corresponding to, 
the bit planes (Fig. 24.1), or in a plane not corresponding to the bit 
planes (Fig. 24.2). Each row of selection elements in this plane is 
usually wired by a row winding, and each column by a column wind- 
ing. The selection elements in some systems are driven by some form 

‘of coincident action of currents in addressed rows and columns. A 
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drive winding passes from each word selection element directly through 
all bit: planes, and laces only the line of cores storing the set of bits 
comprising a single word, whence the name “‘linear-selection memory.”’ 
In most LSM systems, the load on each selection element includes a 
swamping resistor as well as the memory cores. This resistor is needed 
to minimize variations in the load caused by the switching of random 
proportions of oNEs and zpROs in the memory cores, and to keep selec- 
tion core switching times within the desired limits. 

Operation of the Typical LSM. The addressing of a given word, 
either for reading or for writing, is accomplished by addressing the 
selection element associated with the memory cores comprising the 
word. <A variety of techniques, many applicable also to the CCM, 
have been developed to accomplish this addressing function. Five 
basic word selection techniques and several variations are described 
in this chapter. In each technique, a single selection element drives 
each word. This selection element is often a square-loop core but can 
tilso be a pulse transformer or simply a pair of diodes. These selection 
elements are, in turn, driven by matrices of row and column drivers 
which have also been developed in a variety of forms. 

Read and write drive currents are indicated by full-select current 
/s, or by various fractions of 7s, with arrows showing the direction of 
flow (Figs. 24.1 and 24.2). The symbol Js implies a current of 
sufficient amplitude and duration to switch a set of memory cores 
from a remanent flux state representing, for example, zERO to any 
remanent flux state effectively representing a ONE. 

During read, a read current from the selection element drives the 
associated memory cores in the zERo direction. Sense amplifiers dis- 
criminate between ONEs and zEROs in the induced outputs in each bit 
plane. The sensed word is then sent to a memory register for the sub- 
sequent write, if required. If it is desired to shorten the read time, 
the drive current amplitude can be increased, thus decreasing the 
memory core switching time and increasing the induced voltage output. 
Read current is essentially an independent parameter, and may have 
ny value greater than Jy, depending upon the read time desired. 

Data can be written into the memory in several ways. In the sim- 
plest. technique, a word is written into memory much as a word is read 
from a CCM. A 4Js write current from a selection element drives 
the selected cores in the onE direction, and the presence or absence of 
another $/s5 information current of the same polarity in the infor- 
mation winding in each bit plane controls the writing of a zzRO 
or of a onz. This write driving method disturbs every unselected 
wore in bit planes where ONzEs are written, and imposes close tolerances 
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on thewrite and information current amplitudes. These half selections 
are not as serious a problem as half selections during read (as ina c- 
since no sensing is involved. 

A second method of writing information into the cores involves th 
use of a 2/s write current and of a $Js information current of either 
polarity. A $JZs information current of one polarity is carried by th 
information windings of bit planes where oNEs are to be stored, and @ 
similar current of opposite polarity where zEROs are to be stored. Th 
write method permits greater current variations than does the fi ' 
method; the unselected cores in each bit plane are subjected only t 
47s, rather than to the 3/s applied by the CCM writing methoe 
The Ip of square-loop memory ferrites is well beyond one-third 0 
switching mmf, and the disturbing effect of $75 is thus far less th 
that of 47s. For this reason, many LSM systems employ the secon 
writing method.? 


24.2 LSM Design Tolerances 


.) 


The determination of current tolerances for the LSM is based upé 
three design criteria: the effective writing of onxs, the effective writin 
of zERos, and the effective limitation of the information current to 
value less than switching threshold current. ‘ 

In developing the LSM current tolerances, several assumptions &j 
made. Switching is toward the one state during write, and toward ti) 
zero state during read. The minimum allowable current whi 
switches the core is J, and the maximum allowable current for 
switching isJ7. After removal of acurrent less than J7, the core retu 
approximately to its prior remanent state; after removal of a cu 
greater than Ix, the core settles to a new remanent state. 
current, which is independent of the development of current tol 
ances, has a value at least equal to 7. Minimum write curref 
Tywmin 2nd minimum information current Iymin (of the polarity need@ 
to write ONES) combined have a value at least equal to Jy. Nomin 
write current is Jw, and nominal information current is J;._ The val 
of information current must be less than Jr. 

The three design criteria stated above may be expressed as follo 
(where bidirectional information current is assumed) : 

I Wmin + I Imin 2 Iu (write ONES) 


Iwmax — Itmin < Ir (write zEROs) (24.2 


Tmax < Ir (limit write disturb) (24 


Substitution of k simplifies the equations, 
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FIG. 24.3. LSM current ratios and current tolerance ratios. 

With current tolerances (assumed independent) included (x is the 
allowable tolerance of Jw, and y the allowable tolerance of J;), the 
@quations become, at maximum allowable tolerance, 


Q—-aIlwt+tQd-yh=In (24.4) 
dQ+a2)lw-Qd-yl=Ir (24.5) 
A + yin =e (24.6) 
The ratio of J;, to Ir for a given core is defined as 
k= iat (24.7) 
Ip 


To keep the tolerances as 
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loose as possible, it is necessary that Jw be given by 


Iw _1+k 


Iu 2k 
The solution for information current is 


Tr; 1+2 


Iw 2 





The interrelation of current tolerances for the specified value of h 
for a given core is described by 


4 I 

a+) +y) = 1k (24.1 
The trade-off of x and y tolerances that may be selected in desig 
an LSM is indicated in a plot (Fig. 24.3). This plot for the LSI 
should be compared to the similar plot for the CCM in Chapter 
(Fig. 23.7). For example, for k = 1.6, the allowable current toler 
ances for the LSM are 24 per cent, as opposed to 7.5 per cent for th 
CCM. The values for Iw/Ia are determined directly from eq. 24, 
and the I;/Iw curve is obtained from eq. 24.9. Complete driv 
current design information can be obtained from these equations an 


curves. 


24.3 Word Selection with Square-Loop Cores 


One type of word selection in ferrite core memories uses square-la y 
metallic-tape cores as the selection devices. The selection cores 
driven by complementary actions of row and column drivers. | 
selection core output winding passes through a single memory core 
each bit plane. 

During read, only one selection core is energized, and swite 
During switching, the selection core behaves like a transform) 
inducing a current which drives the associated memory cores in thi 
zERO direction. Only the selected memory cores receive drive currer 
during reading. Some of the unselected memory cores receive dist 
noise pulses from the unselected disturbed selection cores, but t 
currents can be limited to small amplitude to contribute minim 
noise to the desired sense signal. 

During write, the polarity of drive to the addressed selection ¢o) 
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reversed, and with the help of the information drivers the word read is 
restored to memory, or new data is inserted. The selection core 
attempts to drive all of the memory cores storing the word in the onE 
direction; the information drivers apply an opposing current to those 
bit planes where zERos are to be stored, or an aiding current where 
ONES are to be stored. 

The addressing of the square-loop selection cores can be accom- 
plished by a number of schemes. Three such schemes are discussed. 
The first of these schemes involves the coincident selection, in X and ¥;, 
of a selection core. A heavy d-c bias holds the selection core in the 
zuRO state, in spite of half-select current. Row and column drivers 
combined overcome the bias, and the excess current flows into the 
secondary load (the memory cores) as the selection core switches. 
Tolerances on drivers are tight in this technique, and the anticoinci- 
dence scheme is nearly always preferred. 

Anticoincidence Selection Technique. In the anticoincidence selec- 
tion technique (Fig. 24.4), the selection core matrix is driven by a set 
of row drivers and a set of column drivers. Again all selection cores 
are initially in the zERo state. During read, one row driver is energized 
with Zs, and all but one of the column drivers are energized with an 
opposing Js. The selection core situated at the intersection of the 
energized row and the unenergized column is the only core which 
receives any current tending to switch the core toward the onk state. 
An Is current pulse is generated in the output winding, driving the 
associated memory cores in the zERO direction. All but one of the 
selection cores in each column receiving Js induce a slight output that 
can be made small to have minimum effect on the associated memory 
cores. 

During the write portion of the memory cycle, no row driver is 
energized, but the previously unenergized column driver is energized, 
generating Zs or $/s in all of the selection cores in that particular 
column: Only the addressed core is in the onE state and is driven 
back to the zERo state, generating a positive-going write pulse, in the 
associated memory cores. The unselected cores in the selected column 
again receive Zs, but cannot switch to a state already held. This 
type of selection affords a minimum of complexity in driving current 
circuitry, but involves a slight disturbance of nearly all selection 
olements. 

The requirement for biasing all but the selected core often calls for 
more current from either column or bias drivers during read than is 
required for write. The column drivers must therefore be designed 
to be bivalued, 
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FIG. 24.4. Square-loop core word selection circuit, anticoincidence techniqu 
(a) Circuit. (6) Current and voltage waveforms. 
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Core-Diode Selection Technique. In the core-diode selection 
nique,* the selection cores are arranged in a manner similar to that ¢ 
the coincidence selection scheme. Each selection core connects to 
drive through a diode (Fig. 24.5). The diodes form a matrix such t) 
only the selected core receives current; the unselected cores are 
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disturbed and do not contribute noise to the system. Each selection 
core acts as a transformer, and has three windings: a drive winding, a 
bias winding, and an output winding. During read, current driven 
through the diode and the selection core in the circuit overcomes the 
bias and drives the selection core into the one state. Read current is 
induced in the output winding, driving the associated memory cores in 
the zero direction. When the read driver is turned off, the selected 
core is switched back to zERo by the bias current and its output induces 
the write current. This method of word selection eliminates the need 
for selection element addressing during write, and also eliminates 
partial-select noise during read, but involves high power consumption 

Selection Circuit Design. The design of the selection core circuit is 
based upon the design of PMA circuits developed in detail in Chapter 
9. Each selection core in an LSM drives a set of ferrite memory core 
and a swamping resistor. This load can be inserted into eq. 9.5 
place of the receiving core. The result is 

nNPp 


I,RcT 
fy eee er at nace 


4.11) 
&, @, (24.11 


where JN is the secondary turns of the selection core, n is the maximum 
number of onEs in the word, J; is the minimum loop current in the 
secondary, 7’ is the duration of current in the secondary, ®, is the fl 
of one memory core, and R¢ is the swamping resistance. If T is 
drive pulse duration, then 4 is the flux actually switched in 7’, which 
may be less than the total flux of the selection core. The ®, on writ 
(when the core resets) is set equal to the 4 for read to find the writé 
switching time. 

The loop equation must be satisfied for four separate conditions 
that is, read and write at both the maximum and minimum number 6 
ONEs in the word. All times 7’ must be longer than the time requi 
to switch the memory cores. 

In the present instance, it is preferable to compute driver current 
from loop currents, rather than vice versa, as is done in Chapter { 
For example, 

Nolor = Nilwmin + Farmax (24.1 


where No is the turns value of the drive winding, Jo, is the minim 
drive current, Zwmin is the minimum write current required by 1 
cores, and 


Gsmax 


oh Fomax (24,1 iy 


, 
Fanmax ae! T 
Rmax 


, 
T amax at 9 


_ direuit is similar to the selection core circuit design. 
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The prime is used to indicate that the switching time is that for switch- 
ing full flux, and may thus be longer than the actual pulse duration T 
of eq. 24.11. 

The maximum allowable drive current can be determined by holding 
the loop current at its maximum. Thus, 


Nilay + Fanmin 
No 


where F'aymin is the minimum switching mmf for the selection core at 
maximum drive current, and the subscript H indicates maximum 
values of drive current J) and loop current J. The drive current may 
be found directly, without iteration, since Joy does not appear in any 
other equations. 


Tou = (24.14) 


24.4 Word Selection with Nonsquare Cores 


Pulse transformers with hysteresis characteristics approaching 
linearity are used to energize memory cores with good results. A pulse 
transformer driven memory can be arrayed in a manner similar to 
that for the core-diode matrix driven memory described above. 
Pulse transformers produce current pulses of a duration that is not a 
function of the output load, but they also pose a recovery problem 
owing to the energy stored in the transformer at the end of a pulse. 
Diodes in the transformer selection matrix perform the actual selection, 
and ensure that no unselected transformers or memory cores are 
disturbed. 

Selection Circuit Array and Operation. A typical array (Fig. 24.6) 
looks like two square core and diode arrays (like Fig. 24.5) super- 
imposed, and with the reset circuit missing. It is possible to use the 
flyback of nonsquare cores to write just as one uses the reset of square 
cores. In Fig. 24.6, however, separate write drivers are used so that 
design control of the write current is much easier. 

The selected transformer output current has an undershoot after 
(he trailing edge of the read pulse, because of the stored energy. Since 
(he selected transformer is driven in the opposite direction by a write 
pulse immediately following the read pulse, the transformer is almost 
free of energy at the end of the write pulse, little net overshoot or 
undershoot oceurs, and a read/write current pulse is produced. This 
works best when the pulse durations are selected to make the voltage 
(ime integral of the read equal to that of the write output pulse. 

Selection Circuit Design. The design of the pulse transformer 
The transformer 
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drives a set of memory cores and the wiring resistance. The trans- 
former inductance is then stated as 

L= ts = Ea (nz + I,RcT) (24.15) 

I G I G 

where ®, is the memory core switching flux, and J¢ is the peak mag- 
netizing current, which can be taken as 5 or 10 per cent of the driving 
current. Loop current 7,;, swamping resistance Re, and pulse dura- 
tion 7 are previously defined. Equation 24.15 gives the minimum 
inductance required to drive the load with the needed current and time 
duration. It is also necessary to ensure that the transformer core 
material is not being saturated before the end of the pulse. 

In estimating the effect of the transformer on the current pulse 
transmitted through the transformer, some allowance for magnetizing 
current must be made, but this current is much less than J, since Ig is 
the magnetizing current at the end of the pulse, whereas the secondary 
current is of interest during the time that the memory cores are switch- 
ing. The magnetizing current to be accommodated has not built up 
to full value at this time. More flux in the transformer than necessary 
is recommended to ensure no saturation. Leakage inductance and 
winding capacitance affect the output waveform. Low-leakage wind- 
ing techniques, small turns values, and primary damping resistors 
minimize these effects. 


24.5 Word Selection with Diodes 


All of the addressing techniques described previously in this chapter 
involve cores as word selection elements. Techniques have been 
developed which use components other than cores, such as diodes and 
transistors. In the design to be described here, word lines are driven 
directly. through diode matrices. Great savings are achieved in bulk, 
power consumption, and operating time, and design is very much 
simplified. 

The memory cores are arrayed in bit planes, and a matrix of diodes, 
two diodes per address (Fig. 24.7), performs the word selection func- 
tion. Each row includes a read driver and a write switch, and each 
column a read switch and a write driver. A given word is selected by 
energizing one driver and one switch. To read the memory cores 
associated with row 2 and column 2 of the diode matrix, an 7s current 
pulse is generated by read driver 2 and read switch 2 is closed. The 
geometrical pattern of the diode matrix is such that the selected 
memory cores receive Zs, and no other memory cores are disturbed. 
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To write at the same address, write switch 2 is closed, write driver 2 
generates $/s write current, and information drivers associated with 
the bit planes enhance the write current in bit planes where ONEs are. 
to be stored and inhibit the write current when zERos are to be stored. 
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FIG, 24.7. Double-diode word selection circuit. (a) Circuit. (6) Current wa 
forms. 


The advantages of word selection without cores are several. T 
is no degradation of current tolerances between the current driver 
the memory core. No time is wasted in resetting flux left in a selea 
core or a pulse transformer after the read/write cycle is over, C 
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times are therefore as fast as the memory cores allow. There are no 
swamping resistors to consume the power capability of the current 
drivers, and the allowable number of bits per word is consequently 
higher than with any other LSM. The number of words that can be 
stored in a single memory may also be increased, since stray induct- 
ance in the drive lines is minimized. 

Design equations are easily dispensed with. The read and write 
drivers must deliver the currents required by the memory cores for 
durations sufficient for full switching. The voltage swing available 
on the ouput must be large enough to accommodate the voltage across 
the memory core load during switching. 

Stringent requirements are imposed upon diode characteristics. 
Only very recently have all the needed characteristics been available 
in the same diode, and the use of such diodes must be restricted to 
driving low-current memory cores if restrictions are not to be made on 
the number of times a given word may be successively addressed. The 
low-current memory cores required need not be cores with slow switch- 
ing times; the small (0.050-in. outside diameter) ferrites are well suited 
to the application. 


24.6 Multicurrent Word Selection 


The use of two novel circuit techniques, one a method of storing one 
bit in two cores, the other a method of bussing a number of word selec- 
tion circuits, results in a complex word selection scheme having many 
advantages over more orthodox schemes. In multicurrent word selec- 
tion, the combined outputs of a large number of selection elements are 
used to drive a single word; in effect, a memory very different from the 
typical LSM is produced. These techniques were first combined in 
the multiaperture-plate memory discussed at the end of this section.* ® 
lerrite core versions of the plate memory have since been constructed; 
since the two memories are functionally identical, the visually simpler 
core memory is described first. 

Two-Core-per-Bit Storage Technique. By using a pair of cores as 
’ memory element, the discriminated difference between voltages 
induced by the read of onEs and zEROs can be effectively doubled. 
One core is set to ONE for a stored oN, the other is set: to ONE for a 
stored zero. As a result, read zeROo can be indicated not by the 
absence of a signal but by the presence of a signal equal in amplitude 
to that of a one but of opposite polarity. The absence of a sensed 
signal in any bit plane during read can thus be detected as an error, 
and not assumed to be a zero. The technique doubles the required 
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number of memory cores for a given word capacity, but permits 
greatly relaxed current tolerances and more reliable operation than is 
possible with other memory systems. The two-core-per-bit storage 
technique may be used with multicurrent word selection, or with any 
previously mentioned selection technique. 

Any read or write for a given bit, whether the bit is a ONE or a ZERO, 
involves the switching of one of the two cores storing the bit. When- 
ever a complete word of, for example, 20 bits is read or written, pre- 
cisely 20 memory cores are swtiched. The load on each selection 
element is thus constant, and no swamping resistors are needed. 
Because of the constant load, the output impedance of the drive cir- 
cuits is unimportant. Constant-current drivers are, in fact, inferior 
in this case, from the standpoint of tolerances, as long as the selection 
element itself limits the total flux switched in the memory cores, 
since a moderate driver output impedance tends to stabilize switching 
times. 

As an example of the operation of such a flux-limited selection ele- 
ment, consider the circuit shown in Fig. 24.8. Cores A and B are 
the two cores storing one bit in a word only one bit long in this over- 
simplified example. When storing information, just one of cores A 
and B is in the onE state. Core C has the same flux as both A and B 
and serves as the drive transformer. Upon read, core C is switched 
to onE. To satisfy the voltage conditions in the connecting link, the 
core (A or B) in the one state must switch to zero. Its current, Ig, 
appears as a load in the secondary of core C and is reflected in the pri- 
mary drive requirements. 

Write involves the reset of core C to zero. Here the current induced 
in the short-circuit loop is in the ONE direction of cores A and B, 
The pulse is limited by the flux of core C' so that only half the flux of 
cores A and B can switch. An information current J; in the informa- 
tion winding in cores A and B adds to the current in the coupling link 
in one of them and subtracts in the other, so that one of the cores is 
carried toward the one state while the other is left in the zERo state. 
A ONE or ZERO is stored depending on whether A or B switches, which in 
turn depends on the direction of the information current. Since all 
that is really required is a reliable difference in the flux states of the 
A and B cores, complete switching may not be necessary. 

Two-Core-per-Bit Multicurrent LSM. The use of the two-core-per- 
bit storage technique permits the design of a radically different type of 
memory. In the two-core-per-bit multicurrent LSM (Figs. 24.9 and 
24.10), the circuit paths carrying the voltages induced by the switch« 
ing of a large number of square-loop cores are bussed together to drive 
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a single word. The use of this driving technique in conjunction with 
two-core-per-bit storage results in fast cycle times, a minimum of 
partial selection, and a large ONE-to-zERO discrimination ratio in the 
sensing operation.* ° 

In the circuit shown in Fig. 24.8, one C core is used as a transformer 
to switch an amounttof flux in the A and B cores equal to that of core C. 


Drive 
winding 





Information 
winding 











FIG. 24.8. Two-core-per-bit storage technique. 


In the actual memory, many C cores act in parallel to switch one line of 
memory cores (A and B cores). Thus, the actual current drain on any 
one C core is very small. For (n — 1) C cores driving a current Is 
into the load of the A and B cores, the average current is I's/(n — 1). 
Since these currents are small, any memory cores in series with the C 
cores do not switch. 

The drive method for a line of memory cores is as shown in Fig. 
24.9. During a read, a drive current is applied to a winding linking all 
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C cores. All of the cores switch, except for a selected set that is pre- 
vented from switching by an inhibiting current. Each switching C 
core induces an output voltage, and a branch current flows, seeking 
the bus with the nonswitching C cores as a return path. Because 
(n — 1) branch currents use the same return path, the total of all 
(n — 1) branch currents flows through the bus. The current being 
drawn by the A and B cores is of just sufficient magnitude to switch 


Inhibited set 


Drive 


Sense and 
information 
winding 





FIG. 24.9. Two-core-per-bit multicurrent LSM, driving technique. 


them to zero. To write, the drive current polarity is reversed, and 
the C cores switch back to the original state, generating branch cur= 
rents in the opposite direction. The C cores previously inhibited from 
switching again remain in the original state. 

A stack of circuits like that of Fig. 24.8 can be arrayed to form @ 
memory. Selection of inhibit driver rows forms the selection mechan« 
ism in one dimension; selection of driver rows forms the selection — 
mechanism in the perpendicular dimension. A complete memory, 
18 words of 2 bits each, is shown in Fig. 24.10. 

The front plane of the circuit in Fig. 24.10 is the same electrically as 
the circuit of Fig. 24.9. The polarities of alternate lines of cores are 
reversed, however, with the result that no wires cross from the to 
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Two-core-per-bit multicurrent LSM, graphic representation. 


FIG. 24.10. 


face to the bottom face of any bit plane except through the cores 
themselves. This feature permits the construction of the ferrite plate 
memory described below. Figure 24.10 shows all the odd lines of 
cores brought together, similarly all the even lines of cores, with 
the two sets linked by a crossover connection on the right-hand edge 
of the array. This connection may be omitted in sufficiently large 
arrays. 

Despite the saving in swamping resistors in this type of memory, 
there is often a penalty in driving power, when compared with other 
memory types. To switch one address of memory cores, a complete 
row of C cores must be switched, so that in a 256-word (16 X 16) 
memory, for example, 15 stacks of C cores, each stack equal in number 
to the number of bits per word, must be switched to read one word. 

During read or write, all memory cores on all drive windings in the 
row circuit of the addressed word receive slight disturbances from the 
individual branch currents. During write, all cores receive a dis- 
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turbance from the information currents. However, these disturbances 
have only a negligible effect upon the discrimination of ONES, ZEROS, 
and noise during read. Because the flux changes in the pairs of mem- 
ory cores storing a word are strictly limited by the flux changes in the 
driving core stacks, very large drive currents (and consequently large, 
but short, row circuit current pulses) can be used to obtain fast switch- 
ing and high output voltages. 
The Multiaperture-Plate Memory. A type of memory very differ- 
ent in physical appearance from ferrite core memories, but similar in 
configuration and operation, involves the use of multiaperture ferrite 
plates.4 
The novel circuits and geometrical arrangement of the multicurrent 
LSM just described were first developed for the multiaperture-plate 
memory. The multicurrent LSM is, in fact, the plate memory with 
planes of ferrite cores substituted for multiaperture ferrite plates. 
Each bit plane in the plate memory consists of a pair of ferrite 
plates whose holes correspond to the openings in ferrite cores in other 
memories. The ferrite material around each opening performs pre- 
cisely the same function as a ferrite memory core. All of the openings 
on each plate are connected in series by a pattern of metal coating 
which serves as a combined sense and information winding. The 
coating patterns of the two plates comprising each bit plane are con- 
nected at one end. A stack of similar plates equal in number to the 
number of bits per word is aligned with the memory plates, just as are 
the driving core stacks in the core version of the multicurrent LSM. 
The wiring scheme of Fig. 24.10 must be used in the ferrite plate mem- 
ory, since the metal coating cannot be arranged to leave one side of an 
opening and enter the other side of the next opening. The pattern of 
drive windings and the operation of the memory are precisely as 
described above for the multicurrent core memory. The limit to the 
amount of flux which can be switched in cores A and B is especially 
important, since here there is no physical outer diameter to the storage 
core. Interference between locations in each plate is thus controlled, 
In addition to the advantages stated for the ferrite core version of 
this memory, the ferrite plate model appears to afford simplified 
fabrication of large memories (greater than 104 words). The ferrite 
plate version can be made extremely compact and reliable, and is 
adaptable as well to small memory capacities. The characteristics 
of such a memory are dependent upon ferrite plate fabrication; 
uniform fabrication is essential. 
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chapter ? 5 


SPECIAL-PURPOSE 
MEMORIES 


25.2 Wired-Core Memories 
_25.3  Core-Diode Memories 


25.1 Special Uses of Magnetic 
Memories 


The previous two chapters describe memories suitable for unspecial+ 
ized applications. They are memories with random access, alterable 
storage, parallel read, and reasonable speed (as little as several micr . 
seconds between reads). In the present chapter, storage schemes with 
more specialized requirements are discussed. 

All of the memories described in this chapter employ standard com: 
ponents in specialized circuits. Memories employing radically diffe 
ent components in more or less standard configurations are describ 
in Chapter 26. The material in Chapters 22, 23, and 24 is importan 
to the discussion of special-purpose magnetic memories. The descri 
tions of particular special-purpose memories are preceded by a dise 
sion of the special applications calling for these memories. 


25.1 Special Uses of Magnetic Memories 


There are several ways in which size and performance advantag 
can be gained in designing a memory for a limited function, chie 
by eliminating from the design those capabilities of a general-purpo 
memory that are unimportant to the specialized use. For example, 
information of a permanent nature is to be stored, no provision f 
writing is necessary; the data can be wired permanently into memory, 
Similarly, if the data stored is always to be read serially, the rando 
addressing capability is unnecessary. Several such possibilities f 
design specialization exist. 

414 
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Permanent Storage. For certain applications, the contents of the 
memory, once written, need never be cleared for the useful life of the 
machine. Such contents might be the program storage of a special- 
purpose machine, built to perform only a few types of computations, 
as in process control. Ballistic tables, function tables, constants such 
as 7, and certain kinds of catalog or index data might also be stored in 
permanent form. 

The major argument for using a permanent, unerasable storage is 
reliability. A transient error that changes a stored program can 
disable a machine until the program error is located and corrected. 
An error in reading a fixed program leads only to temporary error in 
the output—a tolerable reaction in real-time computers, such as proc- 
ess-control or navigation computers. <A type of magnetic permanent 
storage (or fixed storage) is described in Section 25.2. 

Small Capacity. Another memory requirement which might make 
standard coincident-current or linear-selection techniques unattractive 
is that there be only a small capacity, in bits, to the storage. In 
this case, the proper approach may be to achieve simplicity in the 
addressing and read circuits at the expense of a more costly memory 
cell. A memory based on such a compromise is described in section 
25.3.1 

Nonrandom Access. In special-purpose computers, and in other 
digital data-handling devices, certain data may be desired in a fixed 
order. Program steps in a computer, for example, occur serially 
except at branch points in the program. Random addressing capa- 
bility is not needed for such memory, but is often used for convenience. 
Some form of nonrandom access may be more suitable. 

When addressing is serial, shift registers can be considered. Mag- 
netic drums also offer interesting possibilities for nonrandom address- 
ing, but are outside the scope of this book. The use of shift register 
storage is generally restricted to memories of fairly small capacity, 
although an outstanding exception to this limitation exists in the 
Mark IV computer at the Harvard Computation Laboratory.” 

In some memories, bits are inserted in parallel and read from the 
memory serially, or vice versa. Such serial-parallel or parallel-serial 
buffers have long been constructed of magnetic shift registers. As 
memory devices, banks of shift registers offer read versatility not 
shared by other types. Serial-parallel conversion is described in 
Chapter 10. 

Nondestructive Read. The great majority of random-access mag- 
notic memories read destructively. In memory applications requiring 


‘frequent modification or complete replacement of stored data, the 







































416 Digital Applications of Magnetic Devices 


read/write cycle mode of operation is very effective. If, however, 
data need not be altered, either for long periods or for the life of the 
data system, the standard read/write cycle is not appropriate. 

A short-pulse drive technique has been studied, by which words can 
be read rondestructively. This technique is based upon detailed 
studies of a particular core switching phenomenon. Magnetic mate- 
rials exhibit a tendency, upon removal of an applied mmf of extremely 
short duration, to return almost precisely to prior remanence. A very 
short, high-amplitude pulse can, in fact, reversibly switch a large 
portion of the flux of the core without apparently modifying the origi- 
nal state cf the core. Newhouse’ drove a core with one billion pulses, 
each more than double the value of Fp but only 0.1 ys in duration, and 
observed no measurable net switching; the core remained in its original 
remanent state. Gariano‘ plotted the mmf amplitude of a train of 
widely spaced pulses versus the number in the train, which exactly 
produced a stated net flux change. The amplitude of these pulses 
is a monotonically decreasing function of the number of pulses, 
apparently asymptotic to Fp. Nevertheless, the amplitude is so far 
above Fp that even with a million pulses in the train (1.6Fp for 1-us 
pulses anc 10 per cent flux change in an annealed 4-79 Molybdenum 
Permalloy core) a short-pulse read would be sufficiently nondestructive 
for practical use. Another interesting effect, also noted by Newhouse, 
is that if the short pulse is followed by a small pulse in the opposite 
direction, much larger amplitudes ‘are permitted before any net 
switching occurs.’ / 

Extreme Environment. In certain applications, a computer mus 
withstand extremes of temperature, humidity, or low pressure. Thi 
problems involved with humidity and pressure are the same for nearly 
all types of circuits, but circuit design can be very effective in co 
trolling the behavior of a memory subjected to variations in temper 
ture. The CCM (Chapter 23) is notoriously intolerant of temperat 
variations In the LSM (Chapter 24) disturb currents are reduc 
to a nominal one-third of full-select current. Because of this redu 
tion, there is a fivefold improvement in tolerance of cores to drivé 
current variation, as shown by the calculation in Chapters 23 and 24 
and thus to the tolerance spread induced by temperature. : 

If drive currents are designed to follow, with temperature, the coré 
characteristics, a linear selection scheme permits operation over 
fairly wide temperature range, perhaps 0°C to 80°C. The limits 
the temperature range are caused by nonuniformity of temperatu 
coefficients from core to core. In no case can the upper temperat: 
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be permitted to approach the Curie temperature, which is typically 
150°C for a ferrite memory core. 

For operation at higher temperatures than those permitted by typ- 
ical ferrites, the alternative is to use materials with higher Curie 
temperatures. Experimental high-Curie ferrite memory cores are 
available at this writing. Another possibility is the use of molyb- 
denum permalloy, perhaps in the form of Twistors (Chapter 26), for 
temperatures up to 300°C. 


25.2 Wired-Core Memories 


A scheme for permanent storage that has been well accepted is the 
use of wired cores. In this scheme, programs or constants are stored 
ineradicably for the life of the machine. All of the variations described 
below have very high achievable speeds, up to several words per micro- 
second, with the exception of the coincident-selection scheme, and all 
of the schemes require low read currents, and are extremely reliable. 

There are several variations on the wired-core memory storage 
scheme, each with particular advantages. In one scheme, each core 
stores one bit of all words, and each word is represented by a wire 
passing through only those cores at bit positions where ONEs are to be 
stored. In the contrasting scheme, each core stores one word and 
cach wire represents a given bit position for all words, passing through 
only those cores where the associated words require oNES. A coinci- 
dent-current variation of the second scheme is also possible. 

One-Core-per-Output-Bit Storage. In the simplest configuration 
of wired cores, there is a large number n of drive lines, each threading a 
number m of nonsquare cores and forming one-turn primary windings. 
wach core is wound also bya secondary winding. A current pulse in any 
one of the drive lines results in output pulses on all of the secondary 
windings (Fig. 25.1a). This configuration becomes permanent storage 
if some of the primary windings are threaded only through selected 

cores (Fig. 25.16). Then, when a given drive line is energized, only 
those secondary windings of cores linked by the drive line exhibit an 
output pulse; the others show no pulse. Thus, a given drive line, 
when energized, produces an output pattern of ONES and ZEROS 
representing a single word. The selection of drive lines can be accom- 
plished by the same type of addressing schemes described for LSMs 
(Chapter 24). 

Disadvantages in one-core-per-output-bit storage arise from the 
extremely complicated wiring of the one-turn drive lines. The 
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| physical bulk of this configuration includes not only an unavoidable 


snarl of wires between cores, but also one diode per stored word. F 


several thousand words in a typical computer program, it becomes 


necessary to combine the outputs from several cores for each bit, 
since a single core with thousands of drive lines is bulky and compli- 
; cated. Initial fabrication, which necessarily includes “writing” 


Bit 
3 


Bit 





FIG. 25.1. One-core-per-output-bit wired-core storage technique. (a) All 0 
(b) Arbitrary ONEs and ZEROs. 


information into the memory by means of the details of wiring, 
tedious even for small storages. 

One-Core-per-Word Storage. <A second scheme is essentially 
mechanical dual of the one-core-per-output-bit method, wherein 
smaller number m of wires passes through a larger number n of co ; 
Instead of one wire per word and one core per output bit, there is 
core per word and one wire per output bit. Words are selected 
driving the many-turn winding on one core; those output wires W 
thread the core receive a pulse, whereas the others do not. Addres 
still involves one diode per stored word. 
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A memory designed on this basis may be smaller in physical bulk 
than the one-core-per-output-bit memory, since only a reasonable 
number of wires are involved and the wiring pattern is not nearly so 
tangled. The principal disadvantage of the one-core-per-word storage 
method is that minor changes in the memory contents (to change a 
few words of a program, for example) cannot be effected by threading 
a few replacement wires through the cores, since all of the wires are 
used in every word. 











Maximum ZERO 
output 


Typical ONE 
output 


Output Voltage 


Minimum ONE 
output 


Typical ZERO 
output 


0 >t 


FIG, 25.2. Typical output waveforms, coincident-selection wired-core storage. 


Coincident-Selection Wired-Core Storage. A variation of the 
one-core-per-word scheme involves the use of square-loop cores heavily 
biased to saturation in one direction. Coincident current is then used 
for selection. One current is insufficient to overcome the bias; two 
currents overcome both bias and switching threshold and switch 
the selected core. The packaging advantage of eliminating the diodes 
is considerable. The problems involved in sensing the output signals 
(lig. 25.2) are generally similar to those involved in sensing the outputs 
from CCMs (Chapter 23). 

The output signals from coincident-selection wired-core storage differ 
from conventional CCM outputs principally in three ways. One 
(difference is that the d-c bias which flows through and restores the 
selected core upon removal of the drive pulse permits less noise from 
half-selected cores than is produced in the CCM. Operation need not 
be nearly so close to the switching threshold, because the F’p of the core 


‘is augmented by the d-c bias. For the same reason, cores unsuitable 
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for memories, but perhaps more square than memory cores when 
biased, can be used. 

The second difference is that, since the storage cores are physically 
larger than CCM ferrites, and only one core is driven at a time, flux 
is greater than it isin CCM cores. Furthermore, the presence of the 
d-c bias permits the core to be switched faster than is possible in the 
CCM. The output signal can thus be reasonably large. Noise 
removal by clipping can be achieved directly on the core output and 
permits better noise suppression than that which is done on the milli- 
volt signals from ferrite memories. A small model, constructed of 
0.32-4W molybdenum permalloy cores switching in 1.3 ys, yielded 
output voltages of about 0.4 volt. Certain germanium diodes with 
carefully selected forward characteristics are excellent for discriminat- 
ing signals of this level against noise. 

The third difference is that, since an output winding may or may not 
thread any given core, it is not possible, in general, to arrange the 
pattern of the sense winding so that half-select voltages are mutually 
canceled. The total number of disturb signals that can be permitted 
on a sense line is thus less than in the CCM. A definitive system 
analysis has not been made, but from a consideration of the flux-turns 
in the noise signal it appears that, with common core materials, @ 
reasonable expectation of the number of cores which can be threaded 
by any given output winding is 256. If more words are to be stored 
words must be split among several sense windings. This choice 
possible because of the reasonable output signals available. Seve 
output windings (which include as many as 256 cores each) can 
combined with diode ors; the worst-case noise in the combined outpu 
is no worse than the worst-case noise on any single winding. T 
combining circuit has favorable antinoise properties if diodes wi 
carefully selected forward characteristics are used. 

Design of the Coincident-Selection Wired-Core Memory. T 
design of the magnetic circuit is relatively simple. The restore m 
(which requires a series inductor for constancy) and the drive curren 
are related to the read switching time in the manner 

Poe ee nae (25.1 

T's 
where Fy is the projected threshold mmf, G's is the switching constan 
and Fy, is the mmf of the d-c restore line. Restore of the cores is @ 
trolled by the d-c line only, therefore 
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where T', is T's on restore. Peak output voltage Vp is given by 


_ 1.6565 
P= Ts 


(The conversion factor, 1.65 for molybdenum permalloy cores, differs 
slightly for other core types.) The peak noise voltage (if not 
large enough to overshadow a succeeding ONE) is only of secondary 
interest since it can be removed by strobing. This voltage is controlled 
by the inductance of the half-selected cores and the rate of rise of the 
drive currents. Speed is limited by the switching time of the cores to 
several microseconds per word read. 

Noise performance can be improved by proper design of the pulse 
shape of the drive mmfs of value F, and F', and the impedance of the 
line supplying restore mmf Fg... The value of Fg. is nearly constant 
because of a series resistor and inductor included in the restore line. 
A zERO output is represented as 





(25.3) 


Vz= MV unselected + NV halt-selected (25.4) 


where m is the number of unselected oONEs in the same bit in other 
words, and n is the number of half-selected onEs, 2(n — 1) or less. 
The term V unselected is due entirely to inconstancy in Fy, as the selected 
core switches, and Vharr-selectea arises from terms both in dFg,/dt and 
dF,/dt (or dF,/dt). Frequency domain analysis can be used to derive 
an expression for Vz in terms of the inductance of unselected cores, 
the inductance of half-selected cores, the voltage of the one core which, 
when switching, disturbs the restore mmf F4., and the slope of the 
driving waveforms dF,/dt and dF,/dt. Qualitative examination of 
the various factors affecting Vz indicates that Vz is negative if strobe 
time is slightly past the middle of the output pulse and if there is droop 
on the driving currents rendering dF,/dt and the corresponding noise 
output sufficiently negative at the time of strobing. The amount of 
droop needed is reduced if the series inductor in the d-c restore line is 
increased. Imperfect decoupling circuits are a convenient means for 
introducing the droop. The importance of the droop is that values 
can be chosen so as to ensure a negative Vz at strobe time, with the 
result that the signal-to-noise ratio can be effectively infinite. 

Design of the Wired-Core Memory with Nonsquare Cores. The 
design of wired-core memories using coincident-current selection with 
aquare-loop cores has been described. Wired-core memories can also 
be designed with nonsquare cores as basic elements. These can be 
(treated as linear circuit elements. If the primary drive is described in 
(erms of current, the oN» output is represented as (in the frequency 
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domain) 
R 
. Los + R 


where R is the output load, L2 is the secondary circuit inductance, M_ 
is the mutual inductance between primary and secondary at a stored 
ONE, Jo is the primary drive current, and s is the complex frequency 
variable. When a zEro is stored, there are two chief sources of noise, 
stray mutual inductance and stray capacitance coupling. It is 

c assumed that FR is chosen sufficiently 
E,— high that currents in the secondary do 
not excite unselected words. 

The effects of stray capacitance in 
storing a ZERO require some discussion, 
(The effects of stray mutual inductance 
are obvious.) The current Jo will pro- 
duce a voltage in the primary circuit 
Vo = IysI (Fig. 25.3). If this approx- 
imates the total voltage across the stray 
capacitance C, there is current in the stray capacitance, LjCs*Jo. 
Voltage at the output point of the secondary circuit is stated as 


RLos 
Vs = —— 
4 R + Los 


The output for a zERo is thus given by 


Vi MsIg (25.5) 


FIG. 25.3. Noise equivalent cir- 
cuit, wired-core storage with 
nonsquare cores. 


L,Cs?JIo 


Vz L1L2Cs*1y 


. R 
¥ Los + R 
and the oNE-t0-zZERO ratio is 

Vi M 

Vz oi LyL.C 8” 
The s® (representing the second derivative of J) represents the fae 
that sudden variations in current amplitude cause ringing in the hi 
self-resonant frequencies that exist. The factor M is proportional 
VLL2. Thus, as the frequency of operation is raised, the allowabl 
M becomes smaller, with the result that the allowable core size and 
output signal also become smaller. | 

Exact calculations are profitable only after the general configuratio 

has been planned. The s? factor expresses the desirability of usi 
drive currents with nonsharp waveforms. A ramp, or perhaps so 
even more smoothly varying waveform, is preferred. Excellent on 
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to-zERO discrimination has been observed with drive pulses of approxi- 
mately 2-us duration and 40-ma amplitude, producing 40-mv signals 
for a ONE. 

Limitations on Capacity. There must be sufficient space in the 
center of n cores to pass m wires, plus bypass space for zEROs. Between 
any two facing cores, there must be a distance (roughly proportional 
to Vm) to permit wires to cross over where necessary. The length of a 
string of wired cores is thus nlm + constant), and the cross- 
sectional area is proportional to 2m + constant. The total volume is 


Ve« n(Vm + constant) (2m + constant) (25.9) 


not including selection circuitry such as diodes. For storages of 
reasonable capacity, if there is a serious restriction on total volume, it is 
important to arrange the memory geometry in such a way that there 
are more cores than there are wires threading each core. The volume 
is also proportional to the cube of the wire diameter used in the cores, 
so that wire size is extremely important if volume is a problem. 


25.3 Core-Diode Memories 


A square-loop core can be combined with a diode to constitute a 
single storage element. This core-diode storage technique is used in 
building memories especially suitable for storing a small number of 
bits with simple drive circuits and practically no output circuitry. 
A clean output signal is available without sense amplifiers, and virtu- 
ally no limitations are imposed upon the allowable tolerance spread of 
the drive circuitry. 

One diode is associated with each storage core. The diode can be 
considered to form a selection matrix, with each selected output driv- 
ing only one core, in the manner described previously as direct drive 
(Section 22.5). 

Memory Array and Operation. <A typical core-diode memory sys- 
tem can be described as a two by two array (Fig. 25.4), in which a 
standard read/write cycle is used. Read current in one of the read 
drive lines switches all cores in the word to zERo. Both the write 
drivers and the information drivers, which might be cathode followers, 
are cut off during read time. If the core being read is in the onzE state, 
i large excess of read current switches the core with sufficient mmf to 
clamp the output winding V1 against a negative voltage on the write 
driver end of the winding, and against ground at the sense output end. 
Because of the large read current, short output spikes can be expected 
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on the output voltage waveforms of cores storing zeros. Strobing of 
the output may be necessary. 

To write, after read current has ended, the write input point of the 
selected write driver is brought to the diode clamp near ground (—2 


aide i "Memory core matrix. SS” q 
| 
-105v o 
| 
R2 | Nl | 
Write word 1 | ° | 
(positive pulse) | 
-17vo | | 
i | 
— > NO | 
Read word 1 | | 
| | 
| | 
-—2vo | | t 
| | 
-105v 0 | | 
“TT ho | 
Write word 2 | bd | 
(positive pulse) | i" 
-17vo | 
|e | 
= NO NO | 
Read word 2 | | 
eee ea rca Rave NO ll ee oe ee __ ae 


Information driver 1 Information driver 2 


Rl ~15v Rll ii 


O O 
-105v -105v 


To sense amplifier To sense amplifier 
bit 1 bit 2 I} 


FIG. 25.4. Two-winding core-diode memory circuit. 


volts in Fig. 25.4). For those cores in which a zmro is to be written, 
the information driver input is brought up to ground, so that the diod 
at the memory cell remains cut off. For writing a onn, the informatio 
driver is cut off, and its cathode resistor keeps the information dri 
point negative (— 15 volts in Fig. 25.4). Because of the diode clam 
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the switching is constant-voltage switching (Chapter 5) during both 
read and write. 

The read driver is a constant-current driver. The clamping action 
of the diodes at the information and write drivers of the memory array 
permits the read driver current to vary far above its nominal value 
without affecting operation. 

Design of the Memory Element. The fundamental relationship 
that exists during the switching of the memory cores is stated as 


V=N, = volts (25.10) 


8s 


where V is the voltage fixed by the diode clamps across N1 when the 
core is switching, 7's is the switching time in microseconds, and ®zg is 
the switching flux of the selected core. 

With V and Ts known, the product of Ny, and ®g is fixed. The 
maximum allowable value of N; is limited by the back current through 
the diode when the information driver is at ground and the write driver 
is negative (both off). Total power can be reduced by using a flux 
sufficiently small to permit large N;. Because of winding capacitance, 
there will be a speed restriction if N, is large. 

The peak current demanded by the core during write is larger than 
(he average current. The information driver cathode resistor R1 
must be prepared to supply this peak current plus any load presented 
(o the sense output (the same circuit point). The write driver 
must be able to deliver, for a ONE being written, a current equal to 
this same value, plus enough current to bring Rl up to ground. The 
write driver must maintain ground voltage at its output until the last, 
ind slowest, core of the word has switched. 

That part of the matrix (Fig. 25.5) that is used when a ONE is read 
from an element can be extracted from the larger circuit (Fig. 25.4) 
to further describe the operation. A maximum value for the read 
winding NO is set by the voltage drop across NO during switching. The 
sum of the voltage drops in the NO windings must be insufficient to 
bottom the read driver. 

A value of read current J) must also be determined. The induced 
current that must flow from N1 during a read oNE must equal the cur- 
ront in R1. Minimum read current Jo equals turns ratio times current 
in R1 plus core switching current. 

A small additional current is needed to supply various diode back 
currents. There is no maximum value of Jo; any excess current flows 
through diode clamp CR3. Hence, an initial value of J may be chosen 
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such that reliable operation of the system is assured when the reat 
driver current is down to one-half of the rated value. 

Write speed is determined by clamps near ground and at negative 
voltage so that the write switching time is set by a fixed voltage. 
Read is accomplished with the core winding clamped from ground to 
perhaps slightly more negative voltage; many read currents flow 
through the clamp diode CR1 at the negative voltage. The act: 
drop across N1 during read can easily be several volts more than duri 
write, and, as a result, read may take considerably less time than write 

This memory has been in use with the ENIAC! in a fairly slow (32-yt 
cycle) version using 750 turns for N, and 100 turns for No on 0.22-4W 


CR1 CR2 CR3 





To, NO 


FIG. 25.5. Single-bit equivalent circuit, two-winding core-diode memory. 


50-50 nickel-iron cores, and 5881 tubes for drivers. The memo 
has proved to be extremely reliable, and is a good example of the ear 
art.! 

The identical magnetic configuration using transistor drivers am 
molybdenum permalloy cores will yield a much faster memory. Fo 
example, 100 words of 30 bits each can be stored in 33,-in. diameter 
0.15-uW molybdenum permalloy cores to operate with a read switch n 
time of 1.2 us, a write switching time of 1.6 us, and an output of 6 vol 
Information current is 15 ma, Nj is 48 turns, write current is 450 m \ 
and read current is 550 ma in three-turn No windings, with a 15-vol 
supply needed for the read drivers. Winding No has a value of onli 
a few turns to avoid delay problems of the read pulse traveling dow 
the string of cores. Dissipation requirements indicate the use ¢ 
bottomed transistors rather than emitter followers to set the voltg 
levels in the write and information drivers. 
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26.1 The Twistor Memory Element 26.3. The Superconductive Memor' 
26.2 The Thin-Film Memory Ele- Element 
ment 


There is a continually increasing demand for larger and faster ran: 
dom-access memories. In addition, a considerable improvement i 
the operating range of such systems is required, to allow wider tole 
ances on the performance characteristics of peripheral equipmen 
Since solutions to this problem must remain economically feasible, t 
random-access memory constitutes a major challenge to the comput 
industry. 

In general, the design effort devoted to the improvement of t 
random-access memory is directed either toward the refinement 
existing memory types or toward the development of basically ne 
types of memories. There is a continual re-examination of existi 
ferromagnetic storage elements and systems to determine to wh 
extent changes in material, element configuration, and selection tec 
niques might reduce the memory cycle time and the cost of the memo 
per bit. There is also a continuing search for distinctly novel stora 
media and associated techniques which might accomplish these obje 
tives even more efficiently and economically. This chapter presents 
brief description of three magnetic memory devices which promise 
afford at least partial solutions to the general random-access memo 
problem. Some or all of these devices will probably replace the ferri 


*Now with IBM Corporation, 
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core as a memory element in most applications. Since rapid advances 
are being made both in the technological and systems aspects of each 
of these devices, the discussion is concerned primarily with the funda- 
mental physical principles on which the operation of the devices 
depends. 

The three memory elements described are the T'wistor, the thin film 
(of magnetic material), and the superconducting trapped-flux device. 
‘The basic material of Chapter 22 is important in the discussion of these 
elements; in addition, memories based upon the use of any of the three 
elements will probably follow closely the general form and operation 
of the coincident-current memory (CCM, Chapter 23) or the linear- 
selection memory (LSM, Chapter 24). 


26.1 The Twistor Memory Element 


The Twistor is a novel configuration of ferromagnetic material and 
electrical conductors which achieves excellent performance and a 


Twisted solid 
ferromagnetic wire 











Helical axis 


Solenoidal of easy 
drive conductor a x magnetization 
* i 
bs 
SS 
aN 
Ss 
Oppositely directed SS s 
magnetization vectors 


at two points along 

as the helical path (as 

Torque ~ at adjacent memory 
R~ element locations) 


FIG, 26.1. Physical form of original (torsional stress) Twistor element. 


significant reduction in the cost of memory plane fabrication. The 
‘l'wistor derives its name from the original realization of the device as 
(loscribed by Bobeck.''? The original form of the device (Fig. 26.1) 
Honsists essentially of a ferromagnetic wire wherein an axis of easy 
Magnetization is established along a helical path by the application of 
. torsional stress. A solenoidal drive conductor is wound about the 
Wire and the application of a current pulse in this conductor produces 
ii axial magnetic field. If this field is sufficiently large, the component 
of the field along the helix can set the magnetization of the wire in 


_tither of the two directions indicated, depending upon the polarity of 


the current. When the magnetization switches from one state to the 
other, the circular component of the magnetization vector (in a diree- 
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tion normal to the plane PRSQ) induces a voltage between points 
and Q. If the direction of easy magnetization were to lie parallel t 
the line PQ, no voltage would be induced between these points b 
switching of the magnetization. 

If a current is directed through a ferromagnetic wire, a circum 
ferential magnetic field, with a component in the helical direction, i 
produced in the ferromagnetic wire. Such a component, if sufficientl, 
large, can be used to set the magnetization in either of the two diree: 
tions along the helix. The time-varying component of the magnetiz 
tion vector parallel to the axis of the solenoid in this case induces § 
voltage at the output terminals of the solenoid. Finally, simultaneo 
application of currents in both the wire and the solenoid can be used 
set the magnetization of the helical element. The use of a geometi 
wherein the direction of easy magnetization is skewed to that of t 
driving magnetic field distinguishes the Twistor from the convention 
memory core. This unique feature of the Twistor is particula 
advantageous when the element is used in LSMs. 

Forms of the Twistor Element. The torsional stress Twistor, althou 
ingenious in its conception, is not amenable to production. F urth 


Helically wrapped, 
cold-rolled, 4-79 
Molybdenum 
Permalloy, 
ultrathin tape 















Axis of easy 

magnetization 

along length 
of tape 


Paramagnetic 
conducting wire. 
_ Solenoidal 

drive conductor 


Physical form of barber-pole Twistor element. ; 


FIG, 26.2. 


the use of a solid ferromagnetic wire results in long switching ti 
because of eddy current retardation in the body of the wire. For th 
reasons, the torsional stress Twistor is now of only historical inte 
An alternative method of obtaining the required direction of 

magnetization consists of wrapping strain-insensitive, ultrat 
square-loop magnetic tape in the form of a helix about a central 
ducting wire; this process yields the so-called barber-pole Twistor 
figuration (Fig. 26.2). Owing to a uniaxial strain anisotropy ind 
in the tape during the rolling process, an axis of easy magnetiaiy 
exists along the length of the tape. In addition to the reductio 
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manufacturing complexity which this method affords, the ultrathin 
tape is substantially free from eddy current retardation. The same 
net results may also be obtained by either electroplating or evaporating 
a thin film of a suitable ferromagnetie substance on the surface of a 
conductor in the presence of a helical magnetic field. 

' Twistor Switching Characteristics. As in all ferromagnetic tapes 
(Chapter 3), Twistor switching can occur by domain wall motion 
domain rotation, or some combination of both. In bulk material the 
energy threshold of domain wall switching is significantly less than 
that required for rotational switching and the domain wall motion is 
much slower than the rotational mechanism for a given applied mag- 
netic field. 

It is known, however, that the threshold for rotational switching 
can be considerably reduced if a field is established in a direction nor- 
mal to the axis of easy magnetization in the material simultaneously 
with the application of a switching field along the axis.*? This effect 
is particularly apparent in geometries such as fine, needle-like particles 
and thin films in which the formation of a domain structure is dis- 
tinctly unfavorable on the basis of energy considerations. 

Since the material in any Twistor is subjected in every case to field 
vomponents both parallel and perpendicular to its easy axis, switching 
hy the rotational mechanism is possible. Definite evidence of rota- 
tional switching has been observed in some preliminary investigations 
of the properties of Twistors fabricated by electrodeposition in a helical 
magnetic field. On the other hand, the switching signals observed in 
barber-pole elements incorporating molybdenum permalloy tape of 
(),25-mil thickness definitely suggest a domain wall motion mechanism. 
Waveforms for other Twistors suggest that a portion of the flux 
rotates reversibly, but that the actual irreversible switching between 
itates is by domain wall motion. It may be concluded that no general 
statement can be made regarding the process of switching in Twistors; 
each type constitutes an individual case—mixed modes of switching 
ure probably the rule—and particular attention must be given to the 
goometry of the specimen, the driving technique used, and the funda- 
mental magnetic properties of the ferromagnetic material employed. 
Although no general statement can be made concerning the switching 
process, data on the performance of several Twistors under develop- 
mont is available (Table 26.1). 

A Linear-Selection Twistor Memory. In a typical linear-selection 
'l'wistor memory (Fig. 26.3), a word drive conductor in the form of a 
flat, single-turn coil includes all of the elements along a word line in the 
memory. The central wires act as combined sense and information 
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conductors, and portions of Twistors below the word drive conductors 
constitute memory elements. 

The axis of easy magnetization of Twistor element A (Fig. 26.3) is 
inclined to the central wire through an angle y (Fig. 26.4). The stor- 
age of a binary onze is arbitrarily represented when the magnetization 


Table 26.1. Field Strength and Switching Time Values, 


Typical Twistor Elements* 


Axial Field Circum- Switching Time 





(at/m) ferential (us) 
re aaa: Field 
Twistor Specimen Read Write (at/m) Read Write 

Barber-pole Twistor, 4-79 Molyb- 
denum Permalloy tape, + mil 
thick, 4 mils wide, helix pitch 45°, 985 630 325 0.6 
on #44 wire 

(Bell Laboratories) 
Barber-pole Twistor, 4-79 Molyb- 
denum Permalloy tape, 4 mil 
thick, 17 mils wide, helix pitch 45°, 1315 525 115 0.7 
on #37 wire 

(Burroughs Corporation) 
Electrodeposited Twistor, ~o-mil 
70/30 nickel-iron coating on #44 1650 800 390 0.6 


wire 
(Burroughs Corporation) 





* These measurements have been obtained from extensive data on a few 
locations, and, although typical, should not be considered average. Furth 
the field strength is calculated from solenoid current, but solenoid geometry 
only approximately known and could introduce errors, as could Twis 
diameter, in values given for the circumferential field, where predicted rat 
than measured diameter was used. The field strengths stated for “wri 
and “circumferential” correspond to those of an LSM with bidirectio 
information drivers; the strengths correspond to a disturb current of one-thi 
of the operating current in a core memory. 


vector points to the upper left-hand corner of the figure, and a % 
is represented when the vector points to the lower right-hand corn 
A read current pulse in the word drive conductor which includ 
element A produces a large driving field H,. The magnetization 
tor first rotates through the angle a, producing an output si 
(Actually, the flux vector lies between H, and the easy direction, b 
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the distinction would only serve to confuse the figure.) When the 
applied field returns to zero, the magnetization vector rotates through 
the angle « to its final position, inducing a small output pulse. If a 
zERO is originally stored, the magnetization vector first rotates in the 


Word drive 


conductor se 






Combined sense and 
information conductors 
(barber-pole Twistors 
in plastic sheet) 





"iG. 26.3. Arrangement of memory planes and conductors, linear-selection barber- 
pole Twistor memory. 


Opposite direction through the angle ¢ and, when the applied field 
returns to zero, the vector immediately rotates back to its original 
position through the same angle. The ONE output is characterized 
by a large positive pulse immediately following a smaller negative 
pulse, the zero output consists only of a small negative pulse. 

‘lo write a ON®, a current pulse in the word drive conductor produces 
i field H,’ of much lower magnitude than that of the former field Ha, 
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FIG, 26.4. Flux rotation vectors and output voltage waveforms, linear-selec 
barber-pole Twistor memory. (a) Read one. (b) Read zERo. (c) Write 0} 
(d) Write zERo. 


and in the opposite direction. Simultaneously, a current pulse in 
information conductor produces a circumferential field compon 
Hires The combination of these two fields yields a resul 
field Hg. If this field is resolved in the direction of the easy axis 
perpendicular to this axis, a smaller perpendicular component H, 
a larger in-line component H, are produced. This combination caus 
the magnetization vector to rapidly rotate from the zmro posi 
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through the angle 7 and, when both applied fields return to zero, to 
rotate through the angle 8 to the oNnE position. 

The field H,j;, disturbs other elements on the same wire, such as 
element C in Fig. 26.3, but the amplitude of H4,. is kept insufficient to 
cause significant disturbances in the absence of H,’. 

To write a ZERO, Hin, is applied in the opposite direction. In the 
presence of H,’, the resultant field, Hs, has a very small component, 
H,, along the easy axis in the direction of onE; and the Twistor element 
remains in the zERO state. 

The field H,i:, corresponds to the $/s information current, and 
H,' corresponds to the $/s write current in the conventional LSM, 
although the tolerance calculations of Chapter 24 may not apply 
when rotational switching is important, since transverse components 
of field strength aid rotational switching and cannot be ignored. 

Problems in Twistor Development. Notwithstanding the progress 
which has been made in Twistor development since the publication of 
Bobeck’s original paper, much development still remains. Some of 
the problems are: 


1. The determination of most economical configurations. 

2. The optimization of ferromagnetic material characteristics and 
manufacturing control of these characteristics. 

3. Fundamental studies of the Twistor switching process. 


The barber-pole Twistor in the configuration described promises to 
replace ferrite cores in memories having a cycle time of the order of 
5 us. The mechanical problems associated with the wrapping opera- 
tion have been satisfactorily overcome and attention is being devoted 
to the production of unannealed, thin magnetic tape of the requisite 
width, thickness, and desired switching and squareness characteristics. 

Preliminary investigations of electrodeposited Twistors have been 
most encouraging and, if the variables encountered in the plating 
process can be controlled so as to obtain a required uniformity of per- 
formance from element to element, this configuration should supplant 
the barber-pole Twistor. It may, in addition, be possible to reduce 
(the thickness of the plated deposit to yield elements having the rota- 
tional switching characteristics of the planar, thin films to be described 
in the next section. If this can be done, the Twistor memory cycle 
time might be reduced to approximately 1 ys. 


26.2. The Thin-Film Memory Element 


The function of the memory element in a high-speed random-access 
memory can be performed by an ultrathin film of ferromagnetic 
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material. The use of these thin films results in significant advantages: 
in both the operation and physical configuration of a memory. Non- 
magnetostrictive ferromagnetic films of less than a certain critical 
thickness tend to switch remanent states by rotational switching at 
speeds much higher than those obtainable by the domain wall motion _ 
mechanism. The memory element and all associated drive and sense 
conductors can be fabricated by a series of vacuum depositions. The 
physical bulk and the cost of thin-film memories should thus be quite 
reasonable. The practical application of thin-film elements to either 
CCMs or LSMs is under intensive investigation and appears to be 
quite promising. 

A satisfactory understanding of the basic physical principles under- 
lying the switching mechanism in thin ferromagnetic films is only now 
being obtained, and the effects on film switching characteristics of film 
composition, mechanical strain, and interactions between the film and 
the substrate are only imperfectly understood. The following dis 
cussion is therefore limited to a survey of the present state of thin-fil 
research and development. 

Form of the Thin-Film Memory Element. The typical thin-fil 
memory element (Iig. 26.5) is formed by evaporation of the constitu 
ents of a nickel-iron alloy in vacuum on a thin glass substrate in th 
shape of a flat circular disk approximately 0.4 cm in diameter and of 
thickness in the range from 500 to 2000 Angstrom units. 
evaporation process, the substrate is maintained by convention 
means at a temperature of approximately 300°C, and a magnetic fiel 
of intensity in the range from 2.4 X 10? to 2.4 & 104 at/m is appli 
in the plane of the film. The deposited elements are allowed to co 
to room temperature in this magnetic field. The combination of th 
heated substrate and the magnetic field is responsible (in some pre 
ently unexplained way) for the establishment of a preferred axis 
magnetization in the deposited film. 

A drive conductor and an information conductor pass above th 
thin-film element, and a sense conductor lies in contact with the fil 
Elements with satisfactory operating characteristics have been fabri 
cated in which the drive and information conductors were etched out 
copper-backed insulating plastic sheet. It is anticipated that th 
several conductors and the interconductor insulation will eventuall 
be provided by a multiple vapor deposition process. 

Thin-Film Switching Characteristics. The important switchin 
characteristics of a thin ferromagnetic film arise from the tendency 
the magnetization in the film to switch by the rotation process. citi 
has indicated, on the basis of energy considerations, that the proe 
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of domain wall formation (both in very small ferromagnetic particles 
and in thin films) should become distinctly unfavorable when the 
particle size or film thickness is reduced below certain critical limits. 
Below these limits, the magnetic structure is predicted to be a single 
domain. Applying Kittel’s analysis to a representative ferromagnetic 
material of anisotropy energy 5 X 10° ergs/em*® and wall surface 
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FIG. 26.5. Physical form of basic thin-film memory element. 


energy 3 ergs/em”, the critical film thickness is calculated to be 3000 
Angstrom units. This generally agrees with experience, although 
multidomain structures and domain wall motion switching have been 
observed in films as thin as 500 Angstrom units under very special 
conditions.® § It can be concluded on the basis of available evidence 
that the preferred switching mechanism is rotation,’ but that the wall 
motion mechanism cannot be entirely discounted. Under certain 
conditions, the threshold field for wall motion switching in thin films 
has been shown to be significantly greater than that required for rota- 
tional switching, and, in such cases, the faster rotational process 
predominates, ji 
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An effect of considerable importance is that the field strengths neces- 
sary for rotational switching are considerably reduced and the speeds 
enhanced, if a small magnetic field is applied perpendicularly to the 


easy axis but in the plane of the film. The switching speed as indi- — 


cated by the slope of the 1/7's versus H characteristic is found to be 


strongly dependent upon the magnitude of the transverse field Hy 
(Fig. 26.6). An analysis based upon a simple, coherent, rotational 
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FIG. 26.6. Switching time versus magnetizing force for six values of transverse 
field, thin-film memory element. 


model successfully predicted the form of the boundary between the 
wall motion and rotational switching modes in these films (Fig. 26.7), 
Here, the corresponding values of the driving field Hq in the easy axis 
and the transverse field H, (both given as fractions of the transverse 
field H,/ required to produce saturation in that direction) required to 


produce rotational switching are defined by the solid curve. The 


regions where no switching occurs and where switching occurs by 
domain wall motion are also indicated. Values of the switching coef- 
ficient corresponding to particular amplitudes of the transverse field 
are shown in Table 26.2. As indicated, thin films can be obtain 
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FIG. 26.7. Boundary between rotational and wall motion switching processes, 
thin-film memory element. Points X, +, A, and © represent experimental 
results for each of four film samples. 


which switch by rotation from 4.4 to 16 times as fast (for a given 
excess field above the coercive field) as annealed molybdenum permal- 
loy ultrathin tape for which the switching coefficient corresponding to 
conventional wall motion switching is 40 X 10~° coulomb-turns/ 
meter. The speed advantage is even greater when comparison is 
made with ferrite cores as conventionally operated in many existing 
random-access memories. 


Table 26.2. Corresponding Values of Transverse Field Amplitude 
and Switching Coefficient, Typical Thin-Film Memory Element 


Transverse Field, Hy Switching Coefficient 





(ampere-turns/meter) (coulomb-turns/meter) 
15.2 9.11 x 10-° 
31.3 7.03 x 1076 
46.3 3.60 x 10°° 
62.3 2.48 x 1078 
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A Linear-Selection Thin-Film Memory. The original thin-film 
memory was of the coincident-current type.* The orientation of the 
drive conductors was, however, offset from the axis of easy magnetiza- 
tion of the films by a small angle to realize the increase in switching 
speed obtainable by rotational switching induced by the presence of a 
small transverse component of the total switching field. The thin-film 
memory design described below is of the linear-selection type. The 
advantages of linear selection in a three-dimensional thin-film memory 






Read/write 
Combined word drive 
sense and conductor 
information 
conductor Sy es Ha 


Axis of easy 


y la magnetization 


of all films 


FIG. 26.8. Arrangement of memory planes and conductors, proposed linear- 
selection thin-film memory. 


system are a significant reduction in complexity of the conductor cir- 
cuits, a decrease in the read time with a corresponding increase in out- 
put signal amplitude, and vastly increased freedom from disturb noise. 

In the proposed linear-selection scheme, a set of address lines lies in 
the plane of a multifilm matrix. (In Fig. 26.8, one such line is shown.) 
A single address line includes all of the films corresponding to a particu- 


lar word, and a set of multiloop conductors transverse to all the word 


drive conductors includes all of the films in each vertical plane (bit 
position) of the memory. Application of the driving field H, in a 
direction just less than 90° removed from the easy axis of the films 
causes a rotation of the magnetization through an angle 6; removal of 
this field allows the magnetization to relax to the original direction. 
This process constitutes write zero (Fig. 26.9a). If a field H, along 
the easy axis is applied simultaneously with H,, the magnetization is 
rotated through an angle (@ + a); when the fields return to zero the 
magnetization relaxes to the nearest direction of easy magnetization 
by rotation through the angle y. This latter process corresponds to 
write ONE (Fig. 26.9b). Read is accomplished by the application of a 
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higher level pulse field H,’, the magnetization rotating to the direction 
of this field and then relaxing to the original state when the field returns 
to zero (Fig. 26.9c). (In this example, H, and H,’ are in the same 
direction; it is quite possible to read and write in opposite directions 


Axis of easy Axis of easy Axis of easy 
magnetization magnetization magnetization 





Final 
rotation 





Final 
rotation 





(0) (c) 


4 Intrinsic induction 
vector B; 


Direction of 
rotation 


One 

output 

voltage 

Zero 

output So 

voltage 

(d) 

FIG, 26.9. Flux rotation vectors and output voltage waveforms, thin-film memory 
clement. (a) Vector rotations, write zERo, read zERo. (6) Vector rotations, 


write ONE. (c) Vector rotations, read ONE. (d) Output voltage waveforms, 
read. 


although there appears to be no advantage.) During read, the trans- 
verse conductor serves as a sense conductor. The signal voltages 
induced in this conductor are shown in their time relation to the drive 
field (Fig. 26.9d). The difference between read ONE and read ZERO is 
clearly one of polarity and the system is virtually noise-free. 
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Problems in Thin-Film Development. The problems encountered 


in thin-film memories that are being extensively investigated fall into 
three categories: 


1. Problems associated with the basic physics of ferromagnetism in 
these films. 

2. Technological problems associated with the deposition of thin 
films of exactly controlled properties and the provision of the requisite 
conductors and interconductor film insulation by multiple evaporation 
techniques. 


3. Peripheral equipment problems. 


The most pertinent problems in the basic physics of thin films are 
those associated with the effects of magnetostriction in the films. 
Although the films used in the studies described are of the non-_ 
magnetostrictive 80-20 nickel-iron composition, the magnetostrictive _ 
effect is sensitive to small deviations from this exact composition. — 
Considerable reservation exists as to the extent to which the films are 
actually free from magnetostriction. Further, in the absence of 
magnetostriction, it is extremely difficult to explain the orienting action — 
attributed to the magnetic field which is conventionally applied during 
film deposition. There is absolutely no reason to expect any particular 
orientation of the polycrystals of which the films are composed, and 
actual X-ray analysis of these polycrystals indicates a completely ran- 
dom orientation. Hence any preferred axis of magnetization which is 
induced in the films during the fabrication process is most probably due 
to the existence of some degree of magnetrostriction which acts in 
conjunction with the differential contraction of the film and the sub- 
strate during the cooling phase. Although the critical 80-20 nickel- 
iron composition yields bulk material of zero magnetostriction, a film, 
even of this exact composition, may behave quite differently due to 
film-substrate interactions. No significant contributions to the solu- 
tion of these problems have appeared; it is not, however, suggested 
that an empirical solution to the problem of satisfactory film produe- 
tion may not be found before the physical foundation is completely 
understood. 

In the interest of low-cost production, interconductor insulation 
should be provided by the deposition of suitable refractory insulating 
films; the addressing lines themselves can be deposited upon these 
films by evaporation. Although suitable insulants are known, such 
as silica, silicon monoxide, and magnesium fluoride, considerable 
difficulty has been encountered in the preparation of thin films of these 
substances which are adequately free from pinholes, 
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Peripheral equipment problems are primarily those associated with 
the provision of adequate current-driving pulses for the thin-film planes. 
Total driving currents are generally of the order of 1 amp. Since a 
memory cycle time of 1 us is a desired objective, the rise time of the 
current pulses should not exceed 50 mys. Vacuum-tube drivers 
capable of this performance already exist and comparable transistor 
drivers should soon be available. In the particular case of the LSM 
described, the most satisfactory solution of the drive current problem 
lies in the use of an external selection matrix of linear transformers 
with diodes individually driven by a pair of vacuum tubes or tran- 
sistors. Preservation of the short pulse rise time is thus likely to 
pose severe problems. 


26.3 The Superconductive Memory Element 


The abrupt disappearance of a detectable electrical resistance, 
first observed in 1911 by Onnes® in the particular case of the element 
Mercury when the temperature of the specimen was reduced to 4.15°K, 
has since been observed in some 23 metallic elements and in a con- 
siderable number of compounds and alloys. This phenomenon has 
been termed superconductivity and substances which exhibit this effect, 
are referred to as superconductors. The temperature at which the 
transition from the normal (resistive) to the superconducting state 
occurs is characteristic of the individual substance, and is termed the 
critical temperature Tc. Known superconductors have critical tem- 
peratures in the range from 0 to 18°K.° 

Basic Characteristics of Superconductivity. Although further 
information on the general subject of superconductivity is available 
in several authoritative texts,!° 1! only three characteristics of the 
superconductive state are important in the development of a super- 
conductive memory device and these will be discussed briefly. These 
characteristics are: 


1. The persistence of an induced current in a superconductor. 
This persistence is an immediate consequence of the disappearance of 
detectable resistivity in the material. Such a current is called a 
supercurrent. 

2. The suppression of superconductivity by a magnetic field. A 
superconductor exposed to an external magnetic field of increasing 
intensity begins to revert to its normal state as soon as the field reaches 
a critical value which is a function of temperature for the particular 
material, The abruptness of the transition of all the material to the 
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normal state with a further increase in field strength is determined by 
many factors, the most significant being the actual specimen geometry, 
the degree of purity, and the extent of mechanical strain. Further- 
more, suppression of superconductivity also begins when the self-field 
associated with an increasing supercurrent amplitude reaches the 
critical field level. The critical field (or superconduction threshold) is 
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FIG. 26.10. Values of critical magnetizing force Hy (superconduction threshold) 
for four common superconductors. 


usually designated in the literature as H,; this field is here symbolized 


as H,, to avoid confusion with magnetic coercivity. Values of Hs, asa 


function of temperature, are given for four common superconductors 
in Fig. 26.10. 

3. The complete exclusion, by the superconductor, of external mag= 
netic flux. If a magnetic field of intensity H < H,, is applied, the 
flux density within the superconductor remains uniformly zero. A 
sheet of superconducting material can thus provide perfect magnetia 


shielding. When the intensity of the external field exceeds the critical 


value, the substance is no longer superconductive and lines of induction 
then pass freely through. !? 


The Basic Superconductive Memory Element. The basic supers 
conductive memory element (Fig. 26.11) consists essentially of a thi 
film of superconductive material (typically lead, vacuum-deposited 
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glass) having a circular aperture across which a thin strip of the same 
material has been deposited.'* '4 This thin central strip is referred 
toasthe crossbar. A flat, insulated strip conductor is placed above the 
film in close proximity to the crossbar. When the film is in the normal 
phase (not superconducting), the magnetic field and flux distribution 
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FIG. 26.11. Physical form of basic superconductive memory element. 
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HG, 26.12, Variations of geometry, superconductive memory element. (a) 
Crossbar and sheet, linear selection. (b) Crossbar and sheet, coincident-current 


welection. 


due to a current in the overhead conductor may be represented by a 
family of closed curves about the cross section of the conductor. A 
smaller conductor is placed immediately below the crossbar; in the 
bsence of superconductivity in the film and crossbar, this second con- 


_ ductor is linked by the lines of flux caused by the current in the upper 


vonduetor. A second address conductor can be added to effect a 
coincident-current selection technique (Fig. 26.12). Many super- 
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conductive elements can be combined in bit planes and operated in 
much the same manner as a CCM (Chapter 23) or an LSM (Chapter 
24). 

Prior to operation (Fig. 26.13a), the memory element is at a tem- 
perature below the critical temperature. Current in the upper (drive) 
conductor is initially at zero. No supercurrent flows, since no mag- 
netic field was present as the temperature dropped. If current in the 
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FIG. 26.13. Flux distributions and supercurrent flow, successive operations 
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address conductor is then monotonically increased, a supercurrent 
induced in the superconductor sheet and flows through the crossb 
and in surrounding portions of the sheet (Fig. 26.136). The field 
this supercurrent opposes the field of the current in the conductor an 
prevents the penetration of magnetic flux through the gaps in 
sheet. Further, there can be no flux penetration either through 
main area of the sheet or through the crossbar. This condition 
sists until the induced supercurrent in the crossbar (which is p 
posely of small cross-sectional area) attains an amplitude such t 
the associated magnetic field intensity exceeds H,, at the surface 
the crossbar. When H,, is exceeded, the crossbar material returns 
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the normal phase, the induced current in the crossbar decays due to 
ohmic dissipation, and external flux is suddenly permitted to pass 
through the gaps and through the crossbar to link the lower (sense) 
conductor (Fig. 26.18c). A voltage is induced between the ends of 
the sense conductor by the time-varying flux linking that conductor. 

If the Joule heat caused by the decaying current in the crossbar were 
to be dissipated sufficiently fast, the crossbar would alternate between 
the normal and superconducting phases as long as the applied field 
continued to increase. If, as in the more practical case, the heat dis- 
sipation is relatively slow, the crossbar may be raised above the critical 
temperature of the material and may remain in the normal phase for an 
appreciable time after the initial suppression of superconductivity. 
Since the latter mode of operation apparently exists in practical experi- 
mental memory cells, no further mention is made of the so-called 
isothermal mode of operation. It is also assumed that, throughout the 
more practical mode of operation, the applied magnetic field never 
attains an intensity sufficient to suppress superconductivity in the 
main area of the superconductive sheet. 

After the crossbar exceeds the critical temperature, the applied field 
is briefly held constant, then rapidly reduced to a lower level while 
the crossbar is still in the normal phase. Finally, when the crossbar 
has cooled below the critical temperature, the external field is made to 
fall to zero. During this latter process, a supercurrent is again induced 
in the crossbar and the surrounding sheet area, with the effect of main- 
taining the flux which exists in the gaps when the crossbar returns to its 
superconductive phase (Fig. 26.13d). The reduced level of the applied 
field is so chosen that the final return from this level to zero will not 
induce a supercurrent amplitude sufficient to suppress the super- 
conductivity of the crossbar. Since the final supercurrent maintains 
the flux which initially passed through the gaps when the crossbar 
became superconductive, memory devices based upon this principle 
have been termed trapped-flux memory elements. 

The Trapped-Flux Memory Element. An experimental trapped- 
flux memory element employs the normal-to-superconducting switch- 
ing characteristics described above, in essentially a standard read/ 
write cycle.1* This particular element utilizes evaporated lead for 
both the crossbar and the surrounding superconducting sheet; the 
element is operated in a liquid helium environment at normal atmos- 
pheric pressure. 

A series of pulses (Fig. 26.14) not in the normal memory cycle 
sequence of this element can best be used to describe the various pos- 
sible effects of drive current pulses on supercurrent levels and induced 
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signal outputs. A prime pulse is applied to the single drive conductor 
to induce a supercurrent of amplitude 0.6 of the critical supercurrent; 
this supercurrent is arbitrarily taken to represent a binary oNE. A 
current pulse of opposite polarity is then applied for read, increasing 
the circulating supercurrent beyond the critical threshold, and return- 
ing the crossbar to the normal phase. Again, the crossbar remains in 
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FIG, 26,14. Current and voltage waveforms, illustrative switching operations ( 
trapped-flux memory element. 


the normal phase for a time sufficient for the dissipation of the int 
nally generated heat. 

Since the applied field penetrates through the gaps during this oper 
tion, an output voltage pulse is induced in the sense conductor. Wh 
the applied field returns to zero, a circulating supercurrent, opposi 
in polarity to the initial supercurrent, is left in the element. The n 
supercurrent represents a binary zero, and the entire process co 
stitutes a read on, wherein reading is destalsotiee 

The application of a succeeding read pulse first causes the exist 
supercurrent to fall to zero. When the applied field returns to 
a supercurrent of the same polarity and magnitude as that initi 
present is induced in the element. There is no penetration of 
external field either through the gap or the crossbar during the pro 
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since the superconductivity of the crossbar is not destroyed. In this 
case, there is no coupling of the field with the sense conductor, and 
therefore no output signal. The operation described constitutes a 
read ZERO. 

To write a binary ONE in the element, a pulse opposite in polarity to 
the read pulse is applied in the drive conductor. The existing super- 
current exceeds the critical magnitude during the rise time of the 
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flG. 26.15. Current and voltage waveforms, trapped-flux memory read/write 
vyole, including read and write half-selections. 


applied field, superconductivity is suppressed in the crossbar, and as 
the applied field returns to zero a supercurrent of opposite polarity 
but of identical amplitude is left in the element. 

The levels of existing supercurrents are disturbed by the fields of 
road and write half-select pulses in CCM operation, but the disturb- 
‘ince is not sufficient to suppress superconductivity; there is no pene- 
(ration of flux to the sense conductor and consequently no output signal 
(lig. 26.15). This total absence of noise from half-selected memory 
wlements is in contrast to the very significant noise output of half- 
wolected cores in a ferrite core CCM (Chapter 23), 
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Although the switching of this particular experimental model 
from the superconducting to the normal state is readily accomplished 
in 10 mus, a period of 500 mus is required to allow the crossbar to cool © 
below the critical temperature. The switching current requirement is 

only 300 ma, which compares very favorably with the currents of the 
order of 1 amp that are required to switch thin ferromagnetic films 
in the order of 100 mys. Output voltages of the order of 15 mv 
into a sense conductor of 5 ohms characteristic impedance have been 
obtained. It is anticipated that a random-access memory can be 
constructed from elements of this type with cycle times of the order 
of 1 us. 
Problems in Superconductor Development. The thermal delay 
following the suppression of superconductivity is the essential problem 
of the trapped-flux memory element; crystalline electrical insulants of 
higher thermal conductivity than the silicon monoxide originally 
employed are presently being investigated. Since it is proposed 
fabricate entire memory planes of these elements by step-by-ste' 
vacuum-metalizing techniques, many associated technological prob- 
lems still remain to be solved. There is little doubt, however, the 
the trapped-flux memory is a strong contender in the group of advanced 
memory elements that will eventually replace the magnetic core in 
most large-capacity random-access memories. Original objections to 
the use of devices which require a liquid helium environment 4 
steadily being eliminated by the development of small helium liquifie 
and by the provision of commercial sources of the liquid. The present 
cost of a small helium liquifier is at least comparable with that of the 
requisite air-conditioning equipment for a large, conventional ferri 
core memory. 
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~ VI 


TRANSISTOR- 
MAGNETIC 
PULSE 
AMPLIFIERS 


Part VI, which consists of Chap- 
ters 27 through 29, describes design 
procedures and applications of a 
recently developed class of circuits 
known as transistor-magnetic pulse 
amplifiers (TMAs). The basic ele- 
ment of these circuits combines a 
transistor and a magnetic core in 
regenerative fashion. The device is 
characterized by the ability to 
produce high-energy rectangular 
voltage pulses when triggered by 
low-energy voltage pulses. Analog 
applications which appear as easy 
extensions of the basic circuits are 
described in Chapter 29. (A cir- 
cuit known as the delay TMA, 
described in Sections 14.8 and 15.7, 
is closely related to the delay PMA 
of Part III; the nondelay TMA of 
Part VI is related, in some respects, 
to the PMA circuits of Part IT.) 

The TMA circuit, in the form 
described, has been developed and 
analyzed by the Burroughs Cor- 
poration, under the name Tramag. 
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SYMBOLS USED IN PART VI 


a,b,-+> Specific logic Hp 
variables 
a1, bo, + + > Specific inputs at 
specific ripple 
times i, I 
a Active bias 
A, B,-+:-: Specific cores 
c Carry 
C1, Ca ++ Carries at specific igr 
ripple times 
Cc Capacitor, ig 
capacitance tL 
CRI, CR2,-.+-+ Specific diodes iB 
Cl, C2, --- Specific capaci- Tou 
tors 
ED Enabling pulse 
driver 
ED1, ED2,+.++ Enabling pulse Iom 


drivers at specific 
ripple times 


f Frequency Ir 

tu Highest operating Io 
frequency K 

Fz Bias mmf l 

Fy Load mmf L 

Fu Maximum mmf 

Fur Lowest permis- Lp 
sible maximum 
mmf 

Fp Peak mmf, con- LR 
stant-voltage Lo 
switching 

Fr Reset mmf m 

Fs Switching mmf 

Fy’ Largest F's for n 
Ts’ N 

Fo Projected NB 
threshold mmf NC 

H Magnetizing ND 
force 

Hut Lowest permis- NR 
sible maximum NO 
magnetizing force N1 
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Peak magnetiz- 
ing force, 
constant-voltage 
switching 
Instantaneous 
current, average 
or constant 
current 

Base current 
during trigger 
Collector current 
Load current 
Base current 
Highest collector 
current for which 
current gain is 
established 
Maximum pro- 
ducible collector 
current 

Reset current 
Drive current 
Turns ratio 
Path length 
Inductor, 
inductance 
Initial induc- 
tance, base 
winding 

Reset inductor 
Initial equivalent 
inductance 
Average flyback 
flux factor 
Integer 

Turns 

Base winding 
Collector winding 
Collector winding 
of limiting core 
D-c reset windi 
Reset winding 
Output winding 












RDI, RD2, - - - 


RR 
RT 


RT1, RT2,- - - 


Ri, BI, 606s 
Ri, Ro, oak 


8 
81, 84° °° 


81,82, +». 


i, T 


To 
Tor 
T PF 
TH 
TL 


Iu 


1TM\, TM2, -- - 


Input winding 
Other specific 
windings 

Turns values, 
specific windings 
Decimal fraction 
Power 

Load power 
Transistor collec- 
tor dissipation 
rating 

Base resistor 
Resistance of RB 
Ripple driver 
Ripple drivers at 
specific ripple 
times 

Reset resistor 
Ripple time 
Specific ripple 
times 

Specific resistors 
Specific 
resistances 

Sum 

Sums at specific 
ripple times 
Specific switches 
Instantaneous 
time, time 
duration 
Collector current 
decay time 

Sum of collector 
current delay and 
rise time 

Ratio of ry to B 
Thermistor 
Duration of 
inputs 

Time between 
start of Fs and 
start of Vz 
Specific TMAs 
Total duration, 
n events 

Time for ¢ to 
reach & 

T'r for major 
hysteresis loop 


Trr 


TRI, TR2,. +93; 


Ts 
Ts’ 


T so 
T sR 


Tr 
U 


u 
V 


, 


Ves 


Veo 
Ve 


Vcc 


Ver 


Voi, Vo., oe 


Ve 
Vir 
Vin 
Vn 
Vue 


Vout 
Vp 


Vere 


Vs 


Trigger pulse 
duration 
Specific 
transistors 
Switching time 
T s for major 
hysteresis loop 
Switchover time 
D-c reset switch- 
ing time 
Trigger duration 
Ratio of tto Tr 
Ratio of t to T'r’ 
Average or con- 
stant voltage 
Base supply 
voltage 
D-c bias voltage 
Capacitor volt- 
age 
Collector supply 
voltage 
Collector-to- 
emitter voltage 
Average forward 
diode voltage, 
steady-state 
bottomed base- 
to-emitter volt- 
age 
Vp for specific 
diodes or 
transistors 
Enabling pulse 
voltage 
Emitter supply 
voltage 
Input voltage 
Winding voltage 
Antinoise bias 
voltage 
Base winding 
voltage 
Output voltage 
Collector clamp 
voltage 
Peak collector 
reset voltage 
Bottoming 
voltage 
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Ts 
$, ® 
D4 


PB 
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Trigger voltage 
Basic trigger 
voltage 

Bias voltage 
Transistor com- 
mon-emitter 
large-signal 
current gain 
Delay between 
enabling pulses 
Time duration 
Collector fall 
time constant 
Collector rise 
time constant 
Storage time 
constant 
Instantaneous 
and constant flux 
Switching flux, 
transmitting core 
Switching flux, 
receiving core 


Ou 
PR 
Pp’ 


@s 
@y/ 


min 


max 


Maximum flux 
difference 
Remanent flux 
difference 
Major remanent 
flux difference 
Switching flux 
Major switching 
flux 

or (logic) 

Not (logic) 
(subscript only) 
Minimum value 
(subscript only) 
Maximum value 
(subscript only) 
Peak value 
(subscript only) 
Value at high 
current limit 
(subscript only) 
Value at low 
current limit 
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TMA 
CIRCUIT 
DESIGN 


27.1 Basic TMA Form and Opera- 27.5 The TMA One-Shot 
tion 27.6 The TMA Oscillator 

27.2 Constant-Voltage Switching of 27.7. The TMA Shifting Circuit 
Square-Loop Cores 27.8 Quantized Flux Scaler 


27.3 Design of the Basic TMA 


27.4 Modifications to the Basic 
TMA 


This chapter discusses the basic operation and design of a class of 
circuits called transistor-magnetic pulse amplifiers (TMAs) that com- 
bine a magnetic core and a transistor in regenerative fashion. The 
TMA may be used in digital (Chapter 28) or analog (Chapter 29) 
applications, but is inherently a digital device. The device is charac- 
terized by the ability to produce high-energy square voltage pulses 
when triggered by low-energy voltage pulses. Duration of the output 
is controlled within the TMA through flux, voltage, and time relation- 
ships so that the output duration is virtually independent of the trigger 
characteristics. 

The various TMA circuit types and the applicable design criteria 
are discussed. A knowledge of magnetic cores (Chapters 3, 4, and 5) 
and of transistors (discussed briefly in Chapter 6) is prerequisite to a 
proper understanding of these circuits. 


27.1. Basic TMA Form and Operation 


The basic TMA consists of a magnetic core and a transistor con- 


nected in regenerative fashion. Variations of the basic circuit can be 
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used for a variety of functions; for example, a TMA can be connected 
for self-reset to become a one-shot circuit; two TMAs can be combined 


to form a shifting circuit. These variations are based upon the circuit _ 


described in this section. 

Basic TMA Circuit. The basic TMA (Fig. 27.1) consists of a 
transistor (PNP, in the example) and a square-loop magnetic core 
arranged in such a way that the base winding NB is in series with the 
trigger source, and the collector winding NC is placed between the col- 
lector and collector supply voltage —Vec. A resistor RB is placed in 
series with the base winding to control the base current, and a bias 


Voc 
e 
Vo ‘Trigger C) 


ok RB 






FIG. 27.1. Basic TMA circuit. 


voltage Vo is used to hold the transistor off under quiescent conditions. 
This bias acts to reduce the probability of false triggering by ni 
and also to limit collector leakage current. 

The windings NO and N1 are respectively the reset winding and onill 
put winding. ‘These auxiliary windings are important to the operation 
of the TMA in a system, but are not essential to the understanding of 
the basic regenerative operation of the TMA. 

Initiation of TMA Action. With the core initially in the zrRo state, 
and with the winding dots as shown (Fig. 27.1), a properly designed 


TMA regenerates to the onz state upon the application of a suitable 


trigger. When a trigger pulse sufficiently negative with respect to 
ground is applied, a base current 7, is caused to flow. This current 


enters the dot side of NB and drives the core in the direction of zuRO 


saturation (Fig. 27.2). The effect of 7g on the core seems contradictory 
to the stated purpose of switching to the onz state. Actually, it is the 
collector current i¢ which switches the core to the onx state. The 
initial inverse effect of 7g is only important in that it produces delay. 
The flow of iz causes ic (Fig. 27.2) to flow. This current enters the 
nondot side of NC, and tends to switch the core to the one state 





TMA Circuit Design 459 


Since ig increases toward a value Biz, where B is the large-signal cur- 
rent gain of the transistor, the mmf produced by ic overcomes that 
produced by ig. This build-up of ic produces a voltage across NC 
with positive polarity at the nondot side, and by magnetic induction 
induces a voltage across NB with positive polarity again at the nondot 
side. 

The voltage across NB in turn causes an increase in 7g and a sub- 
sequent increase in ic. As ic increases, the voltages across the wind- 
ings increase rapidly, for a saturated core behaves inductively (Chap- 
ter 5). Very quickly, therefore, the voltage across NC reaches a 





‘S\_Initial spike 


due to ip 
= Trigger 
duration 


FIG. 27.2. Collector voltage and current waveforms, typical TMA. 
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value which causes bottoming of the transistor. If the transistor has 
a low bottoming voltage Vg (Fig. 27.2), essentially all of the supply 
voltage appears across NC. This in turn produces a fixed voltage 
across NB determined by the turns ratio. 

With proper design, the voltage across NB produces a current ig 
which in turn produces a current 7¢ sufficient to maintain bottoming 
of the transistor. When this collector current condition is attained, 
the trigger may be removed, for the switching process is now self- 
sustaining. 

Conclusion of TMA Action. When TMA action becomes self- 
sustaining, and if design is proper, the core continues to switch and the 
transistor remains bottomed until the core approaches saturation. 
As saturation is approached, the mmf required to sustain switching 
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increases sharply. A point is reached where Big no longer produc 
the required mmf (Fig. 27.2). The voltage across NC decreases an 
the transistor no longer bottoms. By magnetic induction, the volta 
across NB is reduced, thereby reducing 7g. This reduction of tz i 
turn reduces 7c and TMA action quickly collapses. Flyback of co 
flux occurs and voltage polarities reverse until the core lapses to t 
new remanent state. Action of the TMA then ceases, and Vo again 
maintains quiescence. 

With the core initially in the onr state, TMA action is initiated 
described above. Upon removal of trigger, however, voltage deca 
occurs immediately, for the core is already saturated. In either case 
the core rests ultimately in the onE state. (If the dots are inverted 
or if an NPN transistor is used, the core eventually rests in the zER 
state.) 


27.2 Constant-Voltage Switching of Square-Loop Cores 


In TMA action, very rapid bottoming occurs. With Vz low, vi 
tually all of Vcc exists across NC throughout the switching proce 
The core thus switches under constant-voltage conditions (Chapter 5) 
Knowledge of these conditions forms an important prerequisite t 
TMA design. For this reason, the constant-voltage switching mode is 
discussed at some length. All of the points discussed have an impors 
tant bearing on design criteria. 

Flux Variation with Time. When a constant voltage is applied to 
the windings of a core to produce switching, the flux ¢ varies as follows} 


t 
aE wae 


sae on V 


(27.1) 


where V is the voltage across the winding of turns N. The flux varia- 
tion is linear with time, for V is constant. To normalize this situation, 
if a square-loop core is used and if 7'z is the time necessary for ¢ to 
reach the remanent flux difference Sz, then 





¢ bees 
Pr 7 Tp ' (27. 
and, from eq. 27.1, 
N®& 
Tp = =A (27.3) 


Similarly, the switching time 7's is definable in terms of switching flux 
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Ps, since 


Nos 
T = 
ele (4 


The defining quantities are g and 7’, rather than Sg and 7's, because 





(27.4) 


- Mp is more nearly constant over a range of mmfs than is ®s. In 


molybdenum permalloy and 50-50 nickel-iron, &z is very constant over 
i wide range of switching mmfs. 


0.10 





0.08 | 











0.06 }- 











0.04 








0.02 | ft 








Magnetizing Force H (ampere-turns/millimeter) 



































0 0.2 0.4 0.6 0.8 1.0 
u’ = t/Tp 


"NG. 27.3. Normalized switching mmf/time waveform, $-mil 4-79 Molybdenum 
Pormalloy tape. 


In most cases, collector currents are sufficiently large to approach 
major loop conditions. The &z for these conditions is called the major 
remanent flux difference ®z’, the @s is called the major switching flux 
‘by’, and the corresponding 7'z, u, and T's become T'z’, wu’, and 7's’. 

Magnetizing Force Variation with Time. The variation of flux with 
time has been studied and found to be fairly simple. The variation of 
mmf with time must also be considered. Previously, time was normal- 
ized by means of the ratio u; mmf can also be normalized, by using the 
magnetizing force H. Thus, instead of mmf/time relationships, 
/I-w' relationships can be discussed. By multiplying by the path 
longth l, H may be converted to mmf. The discussion is confined to 
the H-u' characteristic of }-mil 4-79 Molybdenum Permalloy tapes, a 
material commonly used in the TMA, 
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The H-u’ characteristic varies according to composition and hea 
treatment, but, in general, values of the characteristic can be approxi- 
mated (Fig. 27.3). Initially, H varies linearly with time, then reaches 
a peak value Hp, in the region of u’ = 0.15, decreases to a shalloy 
trough in the‘region of wu’ = 0.6, and as w’ increases further H increase 
more and more rapidly until at u’ = 1.0 the slope is steep. 

Because of the linear rise at the start of switching, the initial equiva 
lent inductance can be considered constant and to have the value 


N’@;’ 

Lo = 0.51 ph (27. : 

where / is the magnetic path length in millimeters. The inductane 
Lo is of use in rise time determination. 

Selection of Maximum Magnetizing Force. Preliminary to th 
design of a TMA, an engineering choice must be made of the lowes 
permissible maximum magnetizing force H wz to be encountered durin 
switching. ‘To ensure switching, Hz must certainly be greater thal 
Hp (Fig. 27.3). Because of the variation in characteristics from ¢0' 
to core, it is suggested that Hisr, be at least 1.5Hp. In addition, 
constant switching time of the core is important, H yz must be set at 
high value to ensure that switching ends at the steep part of the cu 
For good control of switching time, Hz is typically 0.07 at/mm 6} 
greater. 

Once Hw has been established, the corresponding mmf Fy, m 
be calculated from F = Hl. This lowest permissible maximum 
is an important design parameter, particularly in determining critica 
fluxes and currents. 


27.3 Design of the Basic TMA 


The design of a TMA is largely a matter of judgment, for there ¢ 
more design parameters than there are usable equations. Optimi 
tion might reduce the parameters to be judged, but the art is insuf 
ficiently advanced to permit mathematical optimization. Until sue 
refinement has been accomplished, working designs which are not 
necessarily optimal must suffice. 

Choice of Basic Components. The first step in TMA design is 
choice of a transistor. For most applications (pulse lengths of a f 
microseconds), any transistor with reasonable speed (a cutoff 4 me 
greater), reasonably good B (10 or greater), and good bottom 
characteristics (0.1 volt or less) is sufficient. (The figures in p 
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theses are intended as a guide.) The transistor must also be capable 
of delivering the load required by the output. 

The core must next be chosen. An equation exists relating maxi- 
mum usable sg to known parameters. If this requirement can be met 
by available cores, the smallest ®s conveniently obtainable should be 
used. The core diameter should be as small as windings will permit. 

The Nc/Nz ratio K is a matter of judgment, as is explained later. 
Once K is chosen, however, the resistance Rg of base resistor RB is 
established. If Rg is established by circuitry in other parts of the 
system, then K can be obtained from Re. 

Determination of Basic Design Values. When the transistor type 
is established, Vcc may be determined from the collector-to-emitter 
voltage rating Vcg of the transistor and from the flyback voltage of 
the core. Flyback voltage occurring at the end of TMA action (Fig. 
27.2) adds to the peak Vez; Vcc, therefore, must be well below the 
rating of the transistor. Good practice is to set Vcc at less than one- 
half the transistor rating. 

If the highest collector current of the transistor for which cur- 
rent gain specifications can be established is Jc¢z, the power-handling 
capability of the transistor is Vcclcx. If the load power requirement 
is Py, then 

Veclou — Pr 


Pgmax < 1.5F p T's (27.6) 


where Fp = Hpl and T's ~ Tr’. The value of Sg chosen should be 
well below the value stated to allow for tolerances and low energy 
consumption. With $-mil 4-79 Molybdenum Permalloy tapes, #5 
values as low as 0.04 uW are obtainable and values of 0.15 uW to 1.5 
uW are common. 

When 9s is established, the turns N¢ of collector winding NC may 
be obtained from 


~ Vee T's 


c i, 


(27.7) 
‘he equation is approximate, for bottoming voltage Vs, and rise and 
fall times are not considered. If accurate timing is essential, it may be 
necessary to adjust No empirically. 

The bias voltage Vo (Fig. 27.1) acts as a protection against false 
(triggering or noise. Typically, the value of this voltage is 0.5 to 1.0 
volt. The voltage also acts against runaway due to high collector 


leakage, and is usually larger than necessary for this purpose. 
Choice of turns Ny of base winding NB is a matter of judgment. 
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The base winding voltage Vws produced across NB is given by 


Veco — Vs 
K 


é 


(27.8) 


Vue = 


where Vyzg should reasonably exceed the sum of Vo and the steady: 
state bottomed base-to-emitter voltage Vp to permit reasonable con- 
trol of base current. Experience has shown that K should be unit; 
or more; values of 2 to 3 are common. Values of Vo are generally i 
the order of 0.5 volt; the value of Vp depends upon the transisto: 
characteristics. 

The peak collector current I¢p required during switching is given b 


Fun +Fr , 1 
inp see 


Ne K (27.9; 


where Ff’; is the mmf delivered to the load, and Jz is the steady-sta 
base current. 

The values of J¢p must be estimated to determine B for the trans 
tor so that Jz may be determined. Since Jz is not yet known, é 
27.9 appears difficult to determine; however, the last term is small an 
may be neglected. The values of Fz and N¢ are known, and F;/N, 
may be determined from 


F P 

eee eS ees (27.10 

N Cc Voc a Vs 
For the approximate Z¢p obtained, the minimum large-signal curr 
gain Byin is determined from the transistor characteristics. T 
minimum steady-state base current Jgmin required is obtained from 


Fut + Fr 


I nin’ = >> =... AP 
- NeBmin — Ne 


(27.11 
The largest base resistance Rgmax, Which ensures Jgmin, is obtained 
from 


V min — V smax —K Vomax V max 
Remax = | a“ : ) ( ° ame ax) (27.12 
KIzmin 





The results of all of these calculations constitute the information 
necessary to ensure sustained action for the time required, if a suitable 
trigger is applied. 

Initial Transient. The determination of the delay of response and 
rise time of the collector voltage is difficult. Approximations may 
made assuming certain idealizing situations—which seldom exist 
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fact. Quantitative determination of delay and rise time are best 
obtained experimentally. 

Qualitatively, the initial delay and rise time increase with trigger 
pulse rise time, bias voltage, transistor base-to-emitter voltage, circuit 
capacitance, and the Ls/Rs time constant, where Lz is the initial 
inductance of the base winding. They decrease with increasing trigger 
amplitude. The collector rise time constant 7, (Chapter 6) of the 
transistor is relatively unimportant in most cases. The rise time also 
decreases with increasing K. Thus, it is advantageous to have K 
as high as possible consistent with good TMA action. 

Trigger Duration. Once bottoming has occurred, the base current 
is increased by the cumulative effect of the trigger voltage and the base 
winding voltage. The collector current capacity of the transistor 
exceeds the collector current. When the collector current capacity is 
as large as the peak collector current, the trigger may be removed. 
The trigger duration 7'r is approximated by 


Vee — Vs — K(Vv + Vo) 
KVr 


where 7'pr is the sum of the collector current delay and rise time 
obtained experimentally, 7, is the storage time constant (Chapter 6), 
and V7 is the trigger voltage. 

Terminal Collector Current. After the trigger is removed, regenera- 
tion sustains switching until the base current can no longer produce the 
required collector current. This current is that required by the load 
and also by the mmf needed for constant-voltage switching. Assum- 
ing that the available collector current has settled to a steady-state 
value at this point, the maximum producible collector current is 


Icom = BIg (27.14) 


After ic is reached, the transistor no longer bottoms, because ic can 
no longer increase. During this decay period, flyback of collector 
winding voltage occurs and the collector-to-emitter voltage of the 
transistor is at a maximum (Fig. 27.2) and the highest power dissipa- 
(ion occurs during this period. 

When the TMA is used at low duty ratios, this dissipation is of no 
great importance. When the duty ratio is high (typically, higher than 
().1), this dissipation can cause an average dissipation higher than the 
transistor rating. The problem is occasionally aggravated by a tran- 
sistor with high B and high collector fall time constant 7; (Chapter 6). 

Oscilloscopic examination of the decay transient of a TMA using a 
transistor with maximum B and maximum ry is suggested to permit 





i loge | fe i| (27.13) 
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graphical calculation of the instantaneous power dissipation. This 
should then be graphically integrated and multiplied by the repetition 
frequency f to determine the average power dissipation attributable to 
collector current decay. If such a transistor is not available, a transis- 
tor with the largest Br; product available should be used and the 
resultant dissipation calculation multiplied by the ratio of maximum 
Br; product to the available product. 


If the dissipation is too large, several alternative steps may be 
taken. These include: 


1. Reducing the duty ratio. 

2. Using a higher speed transistor (lower r,). 

3. Using a transistor type with a closer spread of B and r; parameters, 

4. Decreasing collector current decay time by means of additional 
circuitry. 

5. Limiting collector current by means of additional circuitry. 


The first three alternatives are self-explanatory; the latter two require 
further explanation (Section 27.4). 


27.4. Modifications to the Basic TMA 


A number of important modifications to the basic TMA circuit are 
possible, each providing a refinement suitable to particular applica: 
tions or environments. These modifications include: methods @ 
reducing collector current decay time; limiting collector current, col- 
lector voltage, and inverse base voltage; and connecting the trigge 
and the transistor in parallel. with the regenerative winding rathe 
than in series. 

Reduction of Collector Current Decay Time. Collector current 
decay time may be decreased by applying a high inverse current to th 
base of the transistor during the decay time. This reduction may b 
accomplished by using a higher Vo, by storing a suitable charge in th 
base circuit, or by reducing Rz. Increasing Vo or reducing Ry 
easily accomplished but usually results in increased transient delay 
and rise time. 

Charge may be stored in the base circuit of the transistor by the use 
of a capacitor (Fig. 27.4). During TMA action, the capacitor C is 
charged in the direction to produce inverse current after TMA action 
ends. The series combination of the resistors Rl and R2 is equivalent 
to RB. The capacitance of C and the division of RB into R1 and K 
are of concern. 

Assuming that the charge on C is large enough to produce consider: 
ble inverse current, the collector current decays linearly with tim 
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Thus, 


Tc 


where J'c is the collector current decay time. This rapid decay 


_ causes a considerable flyback voltage. If the flyback voltage is 


uncontrolled, the collector-to-emitter voltage rating of the transistor 


= Voc 





FIG. 27.4. Collector current decay speed-up, stored charge technique. 


may be exceeded. To prevent this possibility, collector voltage 
limitations should be used (eq. 27.24), where the limiting voltage is 
Vp + Vos. 

If Vp + Vpz is assumed to exist during the entire decay time (a 
conservative assumption), the average power dissipation due to col- 
lector decay is 


_ Bls(Vp + Vos) cf 


Pay = APES Thee (27.16) 


If the power dissipation due to the other factors (bottomed dissipation 
during TMA action and dissipation due to leakage current) is Po, 
und the transistor collector dissipation rating is Pr, 


2(Pr — Po) 


T —— 27.17 
° > BIsf(Vp + Vos) eae 
and from this R,, Ry, and C may be approximated as 
Relaty — VoT'c 
Ri 27.18 
; I3(Tc¢ +77) ( ) 
(Rele + Vo)Tc 
Re = ———— 27.19 
5 I5(Tc + 74) ( 
Chemeitastitl (27.20) 
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As in the case of Vo increase, T pr is increased, for the effective resist- 
ance during the initial transient is decreased. 
Collector current decay time can be shortened without increasin 
T pr by connecting a diode CR1, instead of a capacitor, across Rl 


~ Voc 





FIG. 27.5. 
(Fig. 27.5). 


Collector current decay speed-up, diode technique. 

The value of 7'c is calculated as before, and R2 is given b 

“Wax VonTe 
Tpry 


where Vp: is the forward drop of CR1. Since Rg = Ri + Re, Ri may 
be found. The important advantage of this ¢ 
cuit is that the basic circuit is not altered duri 
TMA action. It is only during collector current 
decay that CR1 conducts. 

Collector Current Limitation. Collector cu 
rent limitation may be accomplished in a numb 
of ways. One of the most effective method 
involves the use of a second square-loop core 
NC in the collector circuit (Fig. 27.6). This core i 
biased by means of a d-c winding so that the 
collector current flows undisturbed until th 
required value for the proper conclusion of TMA 
action is reached. The bias is set so that any 
current beyond the required collector current 
= value begins to switch the second core, and the 
transistor remains saturated until zc falls below 
the specified value. The value of 7'¢ may the 
be calculated, using Jc in place of By. Vari 
tion in B of the transistor no longer affects the power dissipation 
As ic decreases toward zero, the d-c bias resets the second core, 


Re (27.21 


In, —-NYeo 
%e 
Limitin 
core § C) ND 
O} 


TMA 
core 


PNP 


FIG. 27.6. Collector 
current limitation. 
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Design of the limiting core has wide latitude. To ensure rest of the 
core, the bias mmf F’, should be roughly double the Fo of the core, 
where Fy is the projected threshold mmf of the core. Since the 
switching mmf of the core is approxi- 
mately Fo, oie 


(27.22) 


where Np is the number of turns in the 
collector winding of the limiting core. To 
ensure that this core does not. switch com- 
pletely, the flux-turns of Np should be 
about double the voltage-time integral 
across the ND winding during collector 
current decay, or = 


@p > 2VecT'clow (27.23) FIG. 27.7. Collector voltage 
3F limitation. 


PNP 


Once Np and ®p are established, precise limitation of Ica may be 
accomplished by varying Fz. The flux ®p is the ®s of core D. 
Collector Voltage and Inverse Base Voltage Limitation. Wherever 
flyback voltage and/or reset voltage cause the peak collector voltage 
to exceed the rating of the transistor, a collector clamping diode may 
be used (Fig. 27.7). If the diode drop is Vp3, and the collector-to- 
emitter voltage rating is Vcgen, then the collector 
clamp voltage Vp is 


Ve < Vern — Vos (27.24) 


PNP 

If flyback voltage plus Vcc exceeds Vp + Vos, 
the speed-up effect of flyback is reduced. If reset 
voltage plus Vcc exceeds Vp + Vos, reset is 
loaded. This is not necessarily a disadvantage in 
reset, for any overdrive on reset is automatically 
limited. 

At the end of the inverse base current transient, 
the base-to-emitter voltage tends to become inverse. Certain transis- 
tors have a low inverse base-to-emitter voltage rating. Use of these 
transistors should be avoided where possible. If such transistors must 
be used, a diode may be connected from base to emitter (Fig. 27.8). 

Parallel-Path TMA. The basic TMA circuit is also called a series- 
path T'MA since the regenerative winding NB is in series with the base 
of the transistor and the trigger. In a second class of TMAs, called 


FIG, 27.8. Base volt- 
age limitation. 
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parallel-path TM As (Fig. 27.9), NB is in parallel with the trigger circui 
and the transistors. i 

In the parallel-path TMA, the trigger is applied directly to the b 
through the diode CR2 and the resistor R3. Very little current flow: 
initially in NB because of its inductance. As the voltage builds up 
across NC’, coupling causes the current in NB to aid the flow of base 
current. 

The initial direction of current flow in N3 aids the bottoming of the 
transistor so that the rise time of collector voltage is very rapid, 


+Vop 


RB 





Vo Trigger 
o— hE 


FIG. 27.9. Parallel-path TMA. 


Base-to-emitter and base-to-collector capacitances, transient coefe 
ficients of coupling, and diode transients all have appreciable effect 
on rise time, and no reasonable method of analysis has yet been de 
mined. The determination of delay and rise times, therefore, requires 
laboratory trial. 
After the trigger is removed, the diode CR2 is cut off, and base 
current is sustained by the voltage induced across NB. Thus eq. 
27.12 is used for the calculation of Rg. The resistor R3 is used to limit 
the initial base current to a reasonable value. 
To obtain minimum trigger duration, the base current during trigger 

is first calculated, from : 
' 


Vee — Vs — K(Vo + Vo) Pe Py 


Ege a= Lee Nis red Oa ot tee 


KRp, Rs 


where Vp» is the forward drop of CR2. The trigger duration 7'p 
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given by 


Bisr 


Tr = Tor + 7s loge (27.26) 


Bizsr re Iep 


where J'pr is obtained experimentally and Jcp is obtained from eq. 
27.9. 

The parallel-path circuit, then, may be used where short delays and 
rise times are required. If a short collector current decay is also 
required, diode speed-up may be used by dividing Rz into Ry and Re 
(Fig. 27.5). The resistance Rz is calculated from eq. 27.21 and R, is 
obtained from Rg = R, + Ro. 

In designing a parallel-path circuit, care must be taken to ensure 
that the d-c current from Vo through the parallel path to the trigger is 
not harmful. If CR2 comprises a group of series diodes, Vo may be 
made appreciable. During reset of the core, the voltage produced is 
in the direction of increasing this current, resulting in a load on reset. 
If the winding of a core is used as the trigger generator, these currents 
tend to switch the triggering core. This tendency may, in some 
cases, present a design problem. 

With parallel-path TMAs used in additive logic (Chapter 28), the 
large d-c bias of the trigger generator prevents current from flowing in 
CR2 except during trigger time. Thus, the considerations stated in 
the previous paragraph do not apply. 


27.5 The TMA One-Shot 


Any TMA connected for automatic reset becomes a one-shot circuit. 
Either square-loop or nonsquare cores may be used. Unless otherwise 
specified, a square-loop core is assumed. With a square-loop core, 
reset may be accomplished through the use of a second TMA con- 
nection which is activated after the regular TMA action ends. Sucha 
circuit tends to be unstable, however, since flyback from either TMA 
tends to trigger the other TMA. This technique often produces an 
oscillator instead of a one-shot, and a means must be introduced to 
ensure one-shot, and not oscillatory, action.' A simpler one-shot is 
obtained by applying a d-c mmf to the core for automatic reset. Only 
one transistor is used, and no flyback in a direction to cause oscillation 
occurs after TMA action. 

Basic Circuit of the TMA One-Shot. In the basic TMA one-shot 
circuit (Fig. 27.10), the reset mmf Fr is Nap. The reset current Ip is 
held constant during switching by the inductor LR. The base circuit 


(not shown) may be any of the types previously described, It is 
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usually convenient to use Vcc for the reset source, although any other 
convenient source of voltage serves as well. 

The TMA action starts with the application of trigger voltage. 
Because of the reset mmf Fr, the low base winding inductance may 
permit rapid bottoming, but the low coefficient of coupling results in 
delayed feedback and delayed voltage on the output winding (not 
shown). The delay and rise times of the output voltage are best 
determined experimentally, for these times are complicated functions 





To base 
circuit 


FIG. 27.10. Basic TMA one-shot. 


of the various parameters (especially the coefficient of coupling and 
the winding inductance). 

As in the usual TMA, once switching can be maintained by regen- 
eration the trigger may be removed. When TMA action is completed, 
however, Fz resets the core. Considerable flyback produced by reset 
helps speed up the decay of collector current. The collector current 
must be higher than in the usual case, for Fz must be overcome during 
TMA action. 
Design of the TMA One-Shot. Initial design considerations of the 
TMA one-shot are essentially the same as those for the basic TMA 
(Section 27.3) except that modifications must be made for Fr. The 
choice of Fz is important, for Fr controls the speed of reset, which in 
turn determines the magnitude of flyback voltage. For a given Iz, 
the d-c reset switching time 7'sr may be obtained from the core char- 
acteristics. The collector reset voltage peak is then given by 

Nees _ Vecl's 


Vrp & 1.65 Tse ri Cee (27.27) 
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In terms of the collector-to-emitter voltage rating, Vcr > Var 
+ Vee, 
VeenT grmin 

V of 27.28 
Bai 1.65(T gmin + T srmin) ( ) 
If the Vcc obtained from eq. 27.28 is less than the desired Vcc, col- 
lector voltage limitation (Fig. 27.7) may be used. The collector volt- 
age limiting circuit may then load the reset circuit, so that T7'sr is 
longer than it would be for the given Fz with the circuit unloaded. 
The value of 7'sz may be approximated by 


Nc®s 
T s2 ==> 27.29 
se Vp + Vos — Vee ( ) 


where V ps3 is the diode drop of C'R3. 

The equation for flux is the same as eq. 27.6, except that 1.5/p + 
Fr is used in the denominator. The equations following eq. 27.6 
are also essentially unchanged; eqs. 27.9 and 27.11 are modified to 
include Fz in the numerator, but eqs. 27.7, 27.8, 27.10, and 27.12 
remain unchanged. 

The equation for trigger duration (27.13) remains unchanged except 
that Ic¢p is modified as indicated in the previous paragraph. 

Reset of the core helps the speed-up of the collector current decay. 
Because of the effects of low coupling at high collector current, it is 
difficult to evaluate the effects except by experiment. Where high 
frequencies of operation are used, it is advisable to apply collector 
current limitation, as, for example, in Fig. 27.6. 

The reset resistor RR applies a steady power drain to the reset 
voltage supply. It is advantageous to keep this drain as low as pos- 
sible. The resistor also tends to impede the switching of the core 
during TMA action. The reset inductor LR reduces this effect. 

Nonsquare Core TMA One-Shot. All of the previous discussion 
has been confined to TMA circuits using square-loop cores. Non- 
square cores may also be used in TMA circuits. Since nonsquare cores 
can serve no practical storage function, the use of these elements 
appears confined to one-shots. No external reset mmf is required, 
for the core returns to its initial state by reason of its nonsquareness. 
Toward the end of TMA action, the mmf-time curve of the nonsquare 
core is not as steep as that of a square-loop core. As a result, the time 
of TMA action is not as constant. The timing of the nonsquare core 
TMA one-shot is much more sensitive to variation in transistor cur- 
rent gain than the square-loop core version; the nonsquare version is 
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nevertheless useful where accurate timing is not required or where 
timing is controlled externally. Because of the large inductance dis- 
played by nonsquare cores as compared with square-loop cores for 
similar operating times, the parallel-path circuit is preferable to the 
basic circuit. 

Flyback of the core is automatic. The details of the flyback depend 
upon the loading parameters of the parallel circuit. Care should be 
exercised that flyback voltage does not cause the collector rating to 
be exceeded. Collector voltage limitation may be used (Fig. 27.7). 

High-Speed TMA One-Shot. Where a one-shot having a very 
short duration of TMA action is required, it is sometimes difficult to 
obtain a core of sufficiently low flux by ordinary means. A square-loop 
core in a major remanent state may be used to obtain the effect 
of a nonsquare core of very low flux. Unless reset, the core traverses 
only that part of the hysteresis loop between remanence and satura- 
tion. Using 3-mil 4-79 Molybdenum Permalloy tapes, this part of 
the loop is only 5 to 15 per cent of the zg of the core. With a &z of 
0.32 uW, the flux change amounts to approximately 0.025 pW. 

Because of the very short durations and low coefficients of coupling 
involved, the design of circuits of this type is almost completely 
empirical. In spite of this difficulty, circuits have been designed which 
produce pulses capable of driving considerable loads. Typically, 
circuits having 0.04-us delay, 0.03-us rise time, and 0.13-ys duration 
across the base of the waveform are obtainable. Fast transistors and 
bifilar windings are essential to any design of this sort. ; 

Trigger Gating with TMA One-Shot. It is sometimes advantageous 
to apply a trigger to a TMA with the TMA controlled in such a way 
that the trigger cannot act until a given time after the trigger is applied, 
This arrangement implies an AND function (Chapter 7) for the trigger, 
where the trigger voltage and some other voltage (called an enabling 
voltage) must exist simultaneously before the TMA is actually 
triggered. Essentially, an AND gate is required at the input to the 
TMA. The function is called trigger gating. Any AND gate such as & 
diode or transistor AND gate suffices. Discussion is confined to the 
use of a TMA one-shot for this purpose. 

An output winding of a TMA one-shot provides the enabling voltage, 
This winding is connected in series with a source of trigger voltage and 
a d-c bias (Fig. 27.11) to form the trigger circuit of a TMA. The d-¢ 
bias has a polarity with respect to ground so that the bias acts against 
triggering of the TMA. The magnitude of the d-c bias is greater than 
either the trigger voltage or the enabling voltage, so if either occurs 
alone no triggering of the TMA results. The magnitude of the d-@ 
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bias is less than the sum of the enabling voltage and the trigger volt- 
age, so if both occur simultaneously triggering of the TMA occurs. 

If a series-path TMA is used, the duration of the enabling voltage 
must be greater than the required TMA action. If a parallel-path 
TMA is used, the enabling voltage duration need only be that of the 
required trigger duration. 

A single TMA one-shot may be used to trigger a number of TMAs. 
If all of the TMAs can be designed for the same enabling voltage and 
bias voltage, the trigger circuits for these TMAs may be connected to 


-O 
e 


FIG. 27.11. TMA one-shot trigger gating. 
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the same output winding of the TMA one-shot. If the d-c bias voltage 
is the same for each TMA, but the enabling voltage is different, the 
output winding of the TMA one-shot may be tapped. If each TMA 
requires a different d-c bias, multiple TMA one-shot windings must be 
used. In the most general case, several d-c biases, each having several 
enabling voltages in series with the triggers, require tapped multiple 
output windings on the TMA one-shot. 


27.6 The TMA Oscillator 


Two TMAs may be combined on one core to form a square-wave 
TMA oscillator. The four-winding oscillator (Fig. 27.12) is an early 
development,?"* and is essentially two separate TMAs sharing the 
same core. Similar action can be achieved using a two-winding circuit 
(Fig. 27.13).4 In the two-winding oscillator, described here, the col- 
lector winding of one transistor is the base winding of the other. 
Windings may be made bifilar to increase coupling. The parallel RC 
circuits are inserted to speed up the transition of the square wave 
produced, ' 














476 _ Digital Applications of Magnetic Devices 


—VYec 
fo) 


-% 


FIG. 27.12. Four-winding TMA oscillator. 
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FIG. 27.13. Two-winding TMA oscillator. 


Operation of the Two-Winding TMA Oscillator. Initially, when 
Vcc is applied, current flows in both base circuits, and is caused to flow 


in both collector circuits. Unbalances and/or noise cause the current 


in one winding to be greater than in the other, and voltage is produced 
across the winding in such a way as to aid conduction of one transistor 
more than that of the other. An even greater change in voltages 
across windings results, which aids the unbalance. If design is proper, 
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this situation is highly regenerative, so that one transistor bottoms and 
the other is cut off. 

Switching then proceeds as in any other TMA. After switching is 
complete, flyback occurs and triggers the previously off transistor 
on. The transistor soon bottoms, and the switching cycle is repeated 
except that the core switches in the opposite direction. The alternate 
flow of current in the two base circuits charges the capacitors of the RC 
circuits and builds up speed-up bias. Eventually, a steady state of 
oscillation is reached. For simplicity, in the following discussion, the 
capacitor voltages are considered constant. 

In the steady-state condition, the winding voltage, the collector 
current, and the base current appear as illustrated (Fig. 27.14), with 
transition regions shown in expanded scale for clarity. 

It can be assumed, at the beginning of a cycle of steady-state opera- 
tion, that transistor TR1 is on and 7TR2 is off (Fig. 27.13). The 
currents 7g; and ic; (Fig. 27.14) refer to the base and collector currents 
of T'R1, with iz: low because of its opposition to the capacitor voltage 
V,. As soon as tc; reaches the terminal value, 7’R1 can no longer 
bottom. The slope of zg; then drops to zero, thereby tending to cause 
the winding voltage V, to decrease to zero. Without the effect of 
igi, this decrease would take place as quickly as circuit capacitance 
would permit. As V, decreases, however, so does 71, 80 that the slope 
of the total mmf in the windings changes smoothly. The result is a 
rapid switchover of V,;—voltage switchover is the transition phe- 
nomenon of the voltage square wave—and a rapid decrease in 7,1. 
Voltages Vz and V, then combine to produce a large inverse current in 
the base (shown as a negative position of the 7g: waveform), which 
causes tc; to decrease rapidly toward zero. A point is reached where 
the base region starts to cut off and inverse ig; is reduced sharply. 
This sudden change in ig; effects an even sharper slope to the switch- 
over voltage and causes the voltage to overshoot the eventual steady 
value. The overshoot applies a positive voltage to the collector of the 
off transistor and causes its base to conduct (shown in the bottom 
curve as a peak in 7g). 

Both transistors are now ON, except that the collector of T’R2 acts 
as the emitter. Asa result, the collector current tc of 7’R2 has a direc- 
tion inverse to the usual direction. Very soon, ic reaches a value 
which bottoms 7R2 but which is inverse to the normal direction. 
Inverse bottoming is caused by the reactive energy in the core, for the 
core has not yet reached the remanent state, if design is correct. 
Eventually, all of the reactive energy is dissipated and 7 R2 conducts 
normally, The excess minority carriers stored in 7'R2 by this energy, 
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however, maintain 72 in the bottomed condition until regeneratio 
takes over the task of maintaining bottoming. Thus, with proper 
design, the two-winding TMA oscillator operates with very rapii 
switchover time by preconditioning the off transistor to prod 
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FIG. 27.14. 








Voltage and current waveforms, two-winding TMA oscillator, 


bottoming before the transistor takes over the switching process, 
Square waves with clean, rapid transitions and minimized collectam 
dissipation result. 

Design of the Two-Winding TMA Oscillator. The design of the 
two-winding TMA oscillator (Fig. 27.13) is semiempirical. Usually, 
it is required to operate over a range of supply voltages; care must 
exercised to ensure that the oscillator operates properly at the lowes 
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collector supply voltage, Vccr, without overloading of the transistors 
at the highest collector supply voltage Vecu. 

The suggested design procedure begins with a choice of Vecu. This 
value must be less than one-half the collector-to-emitter rating of the 
transistor, and must also be less than one-fourth the inverse collector- 
to-base rating of the transistor. Collector current Jc is chosen as 
the highest collector current for which a large-signal current gain is 
given. A value of Fy for the core to be used is then obtained from the 
H-u' curves (Fig. 27.3); a value for stable switching time should be 
used. The value of ®g is calculated from 


(VecuIcu — Pt) Bmin 
2F ufu(1 + Bmin) 
where Py is the load power, fz is the highest frequency of operation, 
and Bin is the lowest B for Icy. A nominal &s, reasonably less than 
that indicated by the equation, is selected. The value of N¢ is calcu- 

lated from 


@s < (27.30) 


(Vecx — Vgmax)(1 — 47 rmaxfx) 
2D gmax fx 


where 7'rmax is the largest r5/B at Icu, Vsmax is the largest bottoming 
voltage at Icy under hard bottoming conditions, and ®gmax 18 the maxi- 
mum for the nominal @s chosen. 

Using a very large capacitor so that the RC time constant of the base 
speed-up circuit is very much larger than the switching time of the 
core, a two-winding TMA oscillator is constructed with external load 
applied. Transistors with current gains as near minimum as are 
obtainable for the type chosen are used. With the lowest supply 
voltage Vecx applied, and starting at a high value of RB, RB is 
adjusted downward in both transistors until the oscillator operates 
continuously without notching of the voltage waveform. At each 
change of RB, the supply voltage is removed and then reapplied to 
ensure that oscillation starts spontaneously. The capacitors C’ are 
then reduced until one of the three following conditions occurs: 


Ne< (27.31) 


1. Undue notching of the voltage waveform. 

2. Undue increase in switchover time. 

3. The d-c voltage measured across a small resistor inserted between 
Vee and the oscillator reaches a minimum. 


The value of RB for minimum-B transistors is then adjusted by 
Brin 


By (27.32) 


PR pwax < Ry 
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where Rgmax is the maximum value of RB to be used, Bin is the mini- 
mum B of the transistor type at the collector currents involved, Ro 
is the value of RB obtained above, and By is the B of the poorer of the 
two transistors. The value of C is then adjusted so that the RC time 
constant remains the same. i 

High-B, high-r; transistors of the type chosen are substituted, and 
Veco is raised to Vecy. Collector currents are measured for peak 
values, and switchover times are measured. Graphical calculation of 
the collector dissipation is then performed and prorated upward for 
maximum B and maximum ry. : 


The switchover time of the two-winding TMA oscillator is, in the 
ideal case, 


2 
T so & = (27.38 


although loading and other factors may cause this time to be som 
what larger. Unless the load is large, eq. 27.33 is a fair estimate 
the switchover time over a wide range of conditions. 

When square cores are used, the frequency of oscillation of the two- 
winding oscillator is very nearly linear with voltage applied over a wid 
range of values, since the voltage-time integral for one-half of a squa 
wave is essentially constant. The frequency of oscillation may 
expressed by 
= Vee a Vs 

2Nc@s + T'so(Vce — Vs) 


If Tso and Vs are small, 





‘d (27.3 


f oe Veo 

~ 2Nc®s 
With presently existing cores and transistors, the range of frequen¢i 
obtained can be from very low frequencies (a few cycles per secon 
to about 1 mc/sec. A single oscillator, however, has a limited usefl 
frequency range of operation (typically 10/1). 


27.7. The TMA Shifting Circuit 


The output of a core may be used to trigger a TMA. If the core 
cleared to the zERO state by a clock pulse, and the core was previo 
in the OnE state, a considerable output occurs which acts as a tri 
for the next TMA in line. If the core was initially in the zpro sta 
the output is comparatively low and does not trigger the succeed 
stage. To ensure that false triggering does not occur, an RC integer 
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tor may be used in conjunction with off-bias on the base. Since the 
receiving TMA is regenerative, it is advantageous to clear the trans- 
mitting core in a time shorter than that of TMA switching time. 
Transfer circuits of this type require more than one clock time and 
more than one TMA per bit to accomplish shifting operation. These 
TMA transfer circuits are analogous to the transfer loops of Part II. 

It is feasible to use a capacitor delay circuit (Fig. 27.15) similar to 


the circuits of Part III to permit a shifting operation in one clock time 
and one TMA per bit. 


oa Voc 


se id Gate voltage 


0 





Gate 


FIG. 27.15. One-TMA-per-bit shifting circuit. 


Operation of the One-TMA-per-Bit Shifting Circuit. In the one- 
TMA-per-bit shifting circuit (Fig. 27.15), two cores and one transfer 
circuit are considered. Both cores have the same windings, but for 
simplicity core A is shown only with read (NO) and output (N1) wind- 
ings, and core B is shown with TMA windings NB and NC. 

Operation of the shifting circuit begins with the application of read 
mmf NoJo, to switch both cores to the zero (clear) state simultane- 
ously. At the same time, the gate is conditioned to prevent regenera- 
tion of the TMA. If core A was previously in the one state, a con- 
siderable voltage appears across capacitor C as the core switches; if 
core A was initially in the zmRo state, very little voltage appears 
across C. When the mmf applied to NO is removed, the gate is con- 
ditioned to allow the TMA to regenerate. With the gate so con- 
ditioned, the gate voltage changes from a large positive bias to a small 
positive bias at the gate point shown. If a considerable voltage 
exists across C, this bias is overcome and the TMA is triggered. Thus, 
. ONE in core A causes a ON® in core B; and a zHRO in core A causes a 


zuro in core B, It may be said that the information has been shifted 
from A to B. ’ 
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Design of the One-TMA-per-Bit Shifting Circuit. The three princi- 
pal tasks in the design of the one-TMA-per-bit shifting circuit are the 
design of the TMA, the design of the output circuit, and the design of 
the TMA one-shot trigger gating circuit. q 

The design of the TMA is identical to the design of the basic TMA 
circuit where R3 (Fig. 27.15) is the base resistor. The base winding 
voltage Vyez, given by 

(Veo — Vs) — K(Vo + Vo) 
7 aay camner or 


should be at least equal to Vy + Vp, where the bias voltage Vo is th 
voltage level at the gate point with enabling pulse voltage Vz (Sectior 
28.2) present. Voltage Vo is assigned by the designer. Thus, K i 
given by 
Veo aa Vs 
2(Vo + Vo) 


The value of Ng may then be chosen from N¢ and K. 

The design of the output circuit (V1, R1, R2, CR1, and C) is pred 
icated on the development of a voltage across capacitor C which 
independent of the switching time of core A when the core is drive 
from the onE to the zERo (clear) state by read current. Because of th 
delay of the RC circuit, the voltage build-up on C lags behind the ow 
put voltage of core A. When the output voltage of core A fa 
below the voltage on C, the diode CR1 cuts off. The voltage on 
then decays exponentially with a time constant of R2C. With th 
proper adjustment of Ri, R2, and C, the capacitor voltage at the er 
of read mmf may be made relatively independent of the switching ti 
(Fig. 27.16). 

The longest switching time 7's’ should be the same as the time ff 
TMA action. The duration of read mmf should be as close to 7's’ 
tolerances permit. The gating TMA one-shot should be trigger 
immediately upon cessation of read mmf. If the time between th 
start of read mmf and the start of full enabling voltage is Ty, then 


Ni®s = 5.4V aT s'e exp [+(Tu — Ts’)/Ts'] (27,8 


provided Ry = Ry = Rg and RsC = Ts’. 
If the shortest switching time of core A is one-half 7's’, the enab 
voltage Vz should be 
Vz an 4 3.6V wpe exp (+(T mu + Ts')/T's'| (27,4 


The TMA one-shot should be designed to provide Vy at its out 
winding for a time at least equal to 7's’. The reset winding of the of 


K< (27.377 
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shot should provide sufficient mmf to reset the core before the next 
triggering of the one-shot. The d-c bias voltage Vg is given by 


Veo = Vo+ Ve (27.40) 


The read mmf must be the sum of the switching mmf F's of core A 
and the mmf delivered to the output circuit. The minimum read mmf 
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FIG. 27.16. Capacitor voltage waveforms for four switching times, TMA shifting 
circuit. 

N olomin i8 given by 

5VweN 


Nolomin = F's’ + Rp 


(27.41) 


where F's’ is the largest F's for 7's’. 


27.8 Quantized Flux Scaler 


The repeated partial switching of square-loop cores (Chapter 4) 


is used in the design of stable 7 
1 
Of 3® 


scalers with higher-than-binary 
counts (typically 10) using a 
small number of components. 
A sealer is a device which pro- 
duces : an output whenever & FIG. 27.17, Idealized TMA quantized 
prescribed number of inputs  gyux scaler. 
have occurred. A scaler differs 
from a counter in that each state of a counter is detectable. 
scaler only the output state is detectable. 

In an idealized quantized flux scaler (Fig. 27.17) a quantizing core 
(core A) switches completely upon the occurrence of each input and is 
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then reset. Each time core A switches, switch S1 is closed; each time 
core A is reset, switch S1 is open. Thus, upon each input, the scaling 
core (core B) is partially switched by a given quantity of flux, Ags, 
where 


Nz Ads = N18, (27.42) 


and N1 and N2 are the output and input windings respectively. If 
cores A and B are perfectly square, and S1 is a perfect switch, n 
switchings of core A are required for complete switching of core B, 
so that 

(n — p) Ags = Op (27.43) 


where ®, is the ® z of core B. 
ee 27.44 
dae Or Pa (27.44) 
where ®, is the gs of core A, and p is the quantity less than 1 necessary 
to make n an integer. 

If some means is provided to detect the saturation of core B and 
then to reset core B, a large output occurs for each n switchings 0 
core A. The circuit then constitutes an ‘‘n”’ scaler. 

Under the ideal conditions stated, n remains constant over a wid 
range of drive conditions, for, by eq. 27.8, n is dependent only upon 
flux-turns ratios. In a practical situation, where A and B have imp 
fect squareness, where switches such as diodes are imperfect, and whe 
temperature variation causes parameter changes, n changes unl 
proper precautions are taken. The TMA drive technique is w 
suited to this application, for constant-voltage drive produces a high 
predictable switching time. 

Practical Quantized Flux Scaler. In a practical quantized fl 
scaler where S1 is replaced by a diode, and core A is part of a TMA 
one-shot, the effect of the diode can be made small by having Ni, 
VpT'sa, where Vp is the average forward diode voltage and T'gq ij 
the switching time of core A during TMA action. Then, if core 
were perfectly square, we would have 


oe: Noobs 
Ni®,4 — VoT'sa 


n + Pp (27.45) 
The nonsquareness of core B has a marked effect on the count, for the 
flyback in partial switching is greater than that ordinarily encounter 
in complete switching (Fig. 4.9). If the average flyback flux is my, 
and n — 1 flybacks occur, then 


(n — p) Ads — (n — 1)m%y = Op (27.4 
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Combining eqs. 27.45 and 27.46, we have 
Ne a (n — p)(Ni®a = VoT'sa) 








== 27.47 
Ni N,@,[1 + (n — 1)m] ( 
and, with p nominally equal to 0.5, 
No a (n = 0.5) (Nis ed VoT'sa) (27.48) 


Ni, = Mi &s[1 + ( — 1)m] 


With 4-79 Molybdenum Permalloy, m is approximately 0.08. If 
6, and ®, are equal, and Vp7'sa is small compared to Ni®,, the 


approximate turns ratios, N2/N1, for various counters are as given in 
Table 27.1. 


Table 27.1. Approximate Turns Ratios, TMA Quantized Flux Scalers 





n No/Mi n Ne2/Ni1 n No/N1 
10 5.5 7 4.4 4 2.8 
9 5.2 6 3.9 3 2.2 
8 4.8 5 3.4 2 1.4 








The table shows that as the count is increased, operation becomes 
sensitive to turns ratio. Practice has shown that stable counts of 10 
are obtainable. 

The resetting of core B may be accomplished by using the core as 
part of a square TMA (not a one-shot) which is triggered as the core 
approaches saturation. Many devices may be used to cause trigger- 
ing. One such device is the detection of the large current which flows 
in the transfer loop as the counting core approaches saturation. 
Several other approaches have also been used. 

Typical Quantized Flux Scaler. One example of a quantized flux 
scaler circuit (Fig. 27.18) comprises a pulse input circuit, a square TMA 
one-shot quantizer, a transfer circuit, and a square TMA scaler. The 
pulse input circuit uses a Zener diode to standardize the input pulse 
amplitude. The quantizer is « standard square TMA one-shot 
(using NCA and NBA as collector and base windings respectively) 
with d-c reset (winding NR). The scaler is a standard square TMA 
(not a one-shot), which is stabilized against transistor leakage current 
by means of diode CR4 and by a resistor in the collector circuits. 

In the transfer circuit, the voltage drops of the normally conducting 
diodes CR1 and CR3 mutually cancel. The turns ratio N2/Nj is 
arranged for an 8 or 9 count with the adjusting resistor short-circuited 
(‘Table 27.1). 
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On each count, the voltage across N3 tends to trigger the scaler, 
but the voltage induced in NBB prevents triggering except when core 
B approaches saturation. When core B approaches saturation, the 
current through N2 increases until CR3 cuts off. When CR3 cuts off, 
further increase in current is opposed by the choke L, the voltage 
induced in N BB is sharply decreased, the trigger of N3 is no longer 
opposed, and TMA action is triggered in the scaler. The scaler then 
resets itself. 

Thus, the TMA scaler circuit is quiescent for a given count while core 
B switches partially for each count. When saturation is approached, 
core B is then reset by TMA action and the count may begin again. 
The precise count is determined by the adjustment resistor. Tem- 
perature stability is achieved through the use of thermistor TH. 


Output 


Scaler 
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TMA 
LOGICAL 
DESIGN 


28.1 Additive Ripple Logic 
28.2 Design of TMA Logic Elements 


28.3 TMA Binary Addition 
28.4 TMA Shifting and Counting 


The characteristics of the transistor-magnetic pulse amplifier (TMA, 
Chapter 27) permit the use of these devices in both digital and analog 
(Chapter 29) applications. The TMA acts as a digital device, since 
it produces pulses of voltage of precise amplitude; the TMA also acts 
as an analog device, because of the precise flux, voltage, and time rela= 
tionships that occur during TMA action. This chapter is confined 
to a description of binary TMA logic techniques. , 

For a proper understanding of this chapter, the information i 
Chapter 27 and the basic material in Part I are prerequisite. Knowl 
edge of basic transistor characteristics and some familiarity wit 
logical design are also necessary. 

Sets of TMAs may be used to generate any complex binary pattern 
at reasonably high speed (typically 0.25 to 0.5 us delay per stage) in & 
reasonably large system (typically 100 TMAs). Through the use of 
additive ripple logic (Section 28.1), operations take place in rapid 
sequence. Delay between operations is limited by rise time CON« 
siderations rather than by switching times. Thus, the TMA provides 
an advantage over the systems of Parts II, III, and IV. On the oth 
hand, TMA systems are noise-sensitive. Inductances in the base an 
trigger windings tend to resonate with circuit capacitances to produ 
spurious triggers. 
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28.1 Additive Ripple Logic 


A type of logic embodiment termed additive ripple logic is suited to 
TMA circuits. This type of logic is not limited to the TMA and may 
be generalized, if desired, for application to other devices. For sim- 
plicity, the concept is explained only in terms of the TMA. 

Basic Logic Circuit. The discussion of additive ripple logic begins 
with the basic logic circuit (BLC). The BLC (in this case, the TMA) 
produces a precise voltage output (because of constant-voltage switch- 
ing) for a fairly precise period of time when triggered. The BLC is 
either a TMA one-shot, or a square TMA which stores information 
and may be switched from an external source of mmf. 

A BLC may be triggered by the output of another BLC, and may 
also be triggered by the outputs of two BLCs in series. Thus, if 
either or both occur, trigger occurs. This is an or circuit. 

A BLC can be biased, however, so that a single input does not pro- 
duce trigger, but two inputs in series do produce trigger. This is an 
AND circuit. The concept can be extended to include a bias great 
enough to prevent trigger with n — 1 inputs, and to permit trigger 
with inputs. This is an n-input ANpD. It is implied that precise 
values of input can be generated. The concept is not limited to inputs 
of the same polarity; output windings of TMAs are electrically isolated 
from each other, and windings may, therefore, be connected in opposite 
directions so that one subtracts from the other. 

There are two obstacles to the practical use of the BLC described. 
One obstacle is that all inputs must coexist to produce the required 
combined input. When one or more of the inputs are negative (oper- 
ating against trigger), these inputs must either overlap all positive 
inputs in time, or trigger action must be prevented except when all 
inputs are available. Otherwise, false triggering may occur. The 
second obstacle is that negative inputs become positive later in time 
when flyback occurs. A means for preventing polarity change must 
be provided. 

Both obstacles are overcome by the use of bias and enabling voltages. 
Bias voltage is a d-c bias large enough to prevent any possible com- 
bination of input voltages and flyback voltages from producing 
trigger. At a given interval of time when all inputs are available, an 
enabling voltage is applied. The enabling voltage operates in the 
direction of trigger and modifies the bias voltage in such a way that 
(rigger occurs when the proper inputs are present. 

The principle of combining precise voltages in series to add to each 
other algebraically, thus producing a resultant which acts as an input 
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to a BLC, is here defined as additive logic. The definition of the ripple 
aspect of additive ripple logic is preceded by a discussion of a simple — 
method of notation for additive logic which is ultimately applied to 
the complete additive ripple logic. 

Input Line. The BLC is postulated as a square TMA or a TMA 
one-shot capable of being triggered by a voltage of proper polarity — 
having a predetermined magnitude called the basic trigger voltage Vro. 
This voltage is supplied by means of an input line (Fig. 28.1), which 
is a logical and electrical concept composed of the following three 
series elements: a data input, a bias, and an enabling pulse. 


CR2 R3 


+V% 






-Vec 


Enabling 
pulse 


Bias 
FIG, 28.1. Parallel-path TMA as basic logic circuit. 


The inputs are outputs from other BLCs connected in series. 
voltage pulse may or may not exist, depending upon whether or n 
the BLC producing the voltage is triggered. Associated with ea 
input is a value and a sense. The value is the voltage produced divid 
by Vro. Values are designed to be integers. Thus, the volta, 
produced at an input may be, for example, Vo, 2V'r9, or 3V ro, where 1 
2, and 3 are the values, and (1) need not be indicated. Sense is positi 
(+) or negative (—), and only negative sense need be indicated. P 
tive sense indicates that the input tends to trigger the BLC; negati 
sense that the input tends to oppose triggering of the BLO. Sense 
not to be confused with polarity. The polarity of Vro may be positi 
or negative with respect to ground, depending upon whether NPN 
PNP transistors are used in the BLC. Sense of the same polarity 
Vro is positive; sense of the opposite polarity is negative. 

The bias is a d-c voltage of negative sense having a value 
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enough to prevent trigger in the presence of any combination of inputs 
and flybacks. The bias permits triggering only when the proper inputs 
combine with an enabling voltage at the proper period of time. 

The enabling pulse is a voltage pulse of positive sense occurring at 
the proper period of time and permitting triggering of the BLC if 
proper inputs also exist. The enabling pulse is essentially a strobe 
which occurs when inputs have reached full value, so that additive 
effects are produced with precision. Without the enabling pulse, 
small variations in timing of the inputs might produce spurious trig- 
gering or vague timing of the trigger to the BLC. The enabling pulse 
always occurs at the prescribed time. 

Since triggering of the BLC can occur only during the enabling pulse, 
only the difference between the bias and the enabling pulse is impor- 
tant from a logic standpoint. This difference (bias voltage sub- 
tracted from enabling pulse voltage) has value and sense, and is called 
the active bias. 

Examples of input lines for several basic logic functions can be used 
(Table 28.1) to illustrate the various input line components defined 
above. In the case of Not, the input must completely overlap the 
enabling pulse in time; otherwise, false triggering might occur. 


Table 28.1. Examples of Input Line Components 


Number of Number of 
Inputs Inputs not 
Enabling Active Each Producing Producing 





Function Bias Pulse Bias Input Trigger Trigger 
Two-input or —2 +2 0 +1 1,2 0 
Three-input or —3 +3 0 +1 1, 2,3 0 
Two-input AND —2 +1 1 +1 2 0,1 
Three-input AnD —3 +1 —2 +1 3 0,1, 2 

0 1 


NOT -1 +2 +1 —1 








Short Notation. An easy method of specifying the input line con- 
sists of a series of figures separated by commas, and is termed short 
notation. The first of the series of figures in the short notation is the 
active bias; the following figures represent the inputs. The latter 
figures are shown as letters identifying each input. Associated with 
each letter is a sense (+ or —) and a value. If the sense is +, it 
need not be shown. If the value is 1, it need not be shown, except 
in the case of active bias. The examples of input lines (Table 28.1) 
are given in short notation as follows: 0, a, b for a two-input or; 0, 
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a, b, c for a thiee-input or; —1, a, b for a two-input AND; —2, a, b, ¢, 
for a three-input AND; 1, —afor Nor. More complex logic forms may 
also be expressed. Using the notation of Chapter 7, the expression 
a(b V c) is —2, 2a, b, c in short notation. 

Input lines may be combined through diode or elements. In short 
notation, bracketed input lines are combined by “vy” for on. Thus, 
EXCLUSIVE oR, ab’ v a/b, is [0, a, —b] v [0, —a, b] in short notation. 
MATERIAL EQUIVALENCE, ab Vv a/b’, is [—1, a, b] v [1, —a, —6] in short 
notation. Short notation is not necessarily shorter than standard 
logic notation (although this is often the case). The intent is to 
provide a concse method of specifying the elements of input lines 
rather than to be brief. 

The short notation convention was suggested by the notation used in 
voting logic developed by Mr. Edward L. Glaser of the Burroughs 
Corporation. Voting logic and additive logic are similar in concept 
but were developed independently. Mr. Glaser has developed 
methods of logizal design for voting logic wherein any particular logic 
function in Bodean form may be transformed into voting logic form. 

Sequence of Operations. It has been shown that relatively simple 


functions can b2 produced by triggering BLCs by means of input lines 


which are strobed by enabling pulses at specific times. Many complex 
functions cannct be produced by so simple a process, and even where 
this method is possible, other methods are often more advantageous, 
Any complex function can be produced from simpler functions by 
logically combining the simpler functions. For TMA systems, this 
process implies sequencing in time. 

One method of time control involves the use of square TMAS8 
throughout the system. As each action is initiated and enabled, 
TMAs are triggered and allowed to switch. After all TMA action 
subsides, the TMAs are reset, thereby producing new inputs to subse 
quent stages and the process is repeated. This requires complete 
switching for each process in the logic chain, as is the case in core-diode 
logic (Parts II, III, IV). Much time is lost in the process. 

Another method of time sequencing is available with TMA circuits, 
As soon as all inputs have reached full value, an enabling pulse occurs 
and permits triggering of the BLCs next in logic sequence. As soon af 
these produce cutputs of full value, the input lines to which they aré 
connected may be enabled to permit trigger of the next set of BLCs, 
and so on. The initiation of switching of subsequent TMAs need not 
wait for switching of prior TMAs to be completed; only the attain= 
ment of full output amplitude is needed, and the delay per stage is & 
function of rise time, not switching time. 
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Thus, a chain of enabling pulses may be generated by an external 
device called an enabling pulse generator, which produces a series of 
enabling pulses properly separated in time. The pulses, which may 
(and usually do) overlap in time, are connected to the proper input 
lines to permit time sequencing. The separation of pulses in time is 
determined by the time required for a triggered BLC to produce full 
output voltage. Thus, the logic sequence ripples down a group of 
BLCs wherein the first BLC may still be switching when the last 
BLC has started switching. The enabling pulse generator is con- 
trolled by a clock and the group of enabling pulses generated is called a 
ripple chain. 

Timing of Logic Operations. Each enabling pulse is produced at a 
specific time called a ripple time (RT); the first ripple pulse is produced 
at RT1, the second at R72, and so forth. Usually, the trigger pulse 
duration is nominally a constant value T'g7; the delay between enabling 
pulses is nominally a constant value ART’; and the duration of inputs 
(the switching time of the BLC) is nominally a constant value Tz. 
Each of these constants is determined by the circuitry. The minimum 
value of ART is designed to be longer than the longest delay between 
triggering of a BLC and the time at which the BLC produces full out- 
put; the minimum value of T'er is longer than the longest trigger time 
for a BLC; and the minimum value of 7’; is longer than the maximum 
ART + Terr dictated by tolerances. This specification for 7’, ensures 
overlapping of both 7’; and the enabling pulse in time. Sometimes, 
by clever logical design, savings in circuitry may be accomplished by 
allowing 7’; to overlap two enabling pulses in sequence. 

Logic Diagrams and Rules. A procedure must next be developed 
for converting a complex functional requirement into circuitry. To 
accomplish this conversion, the complex functions must first be con- 
verted into a time-sequential series of smaller functions, each of which 
is expressible in short notation. This notation should next be used to 
produce a logic diagram (Chapter 7) unless the circuitry is immediately 
obvious. If the logic diagrams bear sufficient resemblance to circuit 
embodiment, the conversion to circuitry is greatly simplified. The 
type of logic diagram used stems from, and is composed of, the logic 
symbols indicated as examples in Table 28.2. Limitations on com- 
binations exist because of physical tolerances or practical limitations. 
These limitations are called logic rules. Logic rules are generally 
determined by the circuit designer rather than the logical designer. 

Using the logic symbols of Table 28.2, several simple logic diagrams 
can be developed (Fig. 28.2). In each case, the inputs are produced 
by triggering TMA one-shots at ?7'1, and the input line is enabled at 
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Name 
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Table 28.2. TMA Logic Symbols 


Symbol 






Denotation 





Base circuit 
or stage 


Delay 


Input desig- 
nations, 
TMA 
one-shot 


Input desig- 
nations, 
square TMA 


Output desig- 
nations, 
TMA 
one-shot 


n 


Tn 


Tn 


+1)-2 


@ 
le 
=) 
m( ) 
46) 
mm) 
—~O+ 





00 
RT(n + 1) 





















A square-loop core and transis- 
tor are implied; a designation 
of the element can be inscribed 
in the symbol as shown; the 
legend “ED” inscribed in the 
symbol denotes an enabling 
pulse driver. 


A time delay, using passive cir- 
cuit elements, is implied. 


One-shot is triggered at rippl 
time RTn by input a. 


One-shot is triggered at ripple 
time RT n by ripple driver. 


, 
\ 


Square TMA is triggered to 
zERO at RTn by input 6. 


Square TMA is triggered 
ONE at RTn by ripple driver. 


One-shot produces outputs 0} 
two separate windings; ti 
numbers and signs indicate the 
value and sense of each outpu 
voltage. 


One-shots with output wind. 
ings in series; outputs are of 
unit value but opposite sens¢ 
so that when b, is onE, TM 
inhibits output of TM1. Rip- 
ple pulse R7(n + 1) enabl 
input to next stage (cn41), 
Active bias is zero. c = ab! 
Short notation is c = 0, a, —b, 
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Table 28.2 (continued) 


Denotation 








Name Symbol 

dy +1 
(Output des- ‘ai g-2 
ignations, very 
continued) 

Gn+p 
60 
RT(n + p) 

Output des- 
ignation, 


square TMA 


Driver 


Diode or 


OF 
* 
faa 


One-shots with output wind- 
ings in series; the outputs all 
have unit value and positive 
sense. The ripple pulse 
RT(n + 1) has active bias of 
—2 so that three inputs must 
be one to produce trigger on 
input line to next;stage (dn+1). 
d=abc. Short notation is 
d= —2,a,b, c¢. 


A TMA one-shot is triggered 
at time R7n, and its delayed 
output enabled at a later time - 
RT(n + p). 


Square TMA produces output 
pulse when switched to ZERO; 
numbers and signs indicate 
value and sense of each output 
voltage. 

A current driver for switching 
cores is implied; the trigger 
pulse is designated, in this case 
ripple pulse RTn. 


The usual diode or is implied. 





RT2. Each function is named, the short notation is shown, and the 
standard logic notation (Chapter 7) is given. 


Delayed Inputs. 


Delayed inputs are used primarily where it is 


necessary to write the result of an operation into one or more of the 
BLCs used to produce another operation at or near the same time. An 
example of this usage is the shifting cireuit (Section 27.7 and Fig. 
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Om2 
RT2 
(a) 3-input oR ‘b) 3-input AND 
d=0,a,b,c peels b,c 
d=avbve d = abe ‘ 





(d) MATERIAL EQUIVALENCE 
c=[-1,a, 6] v[l, -a, -d] 
e=abva’'d’ 





FIG. 28.2. TMA functions in additive ripple logic. 


28.3), from which shift registers and counters are mechanized. Details 
of circuitry and operation are given in Chapter 27; the explanation of 
operation presented here is in terms of the logic diagram (Fig. 28.3). 
At RT1, all cores are switched to zERo by a drive current pulse, — 
Only those cores previously in the onE state produce outputs. These 
outputs must be delayed until core switching is complete, for trigger- 
ing of TMAs would otherwise occur simultaneously with cores being 
read, resulting in chaos. If the current pulse lasts through the start 
of RT4, the input lines cannot be enabled until R75. At this time, 
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RT1 = RT3~— RT5 
| RT2 | RT4 | RT6 


Current | | | 
pulse 








60 
RT5 
FIG. 28.3. TMA shift register. 


TMAs are triggered by the delayed onE outputs of the preceding 
stages. Information is thereby shifted to the right, one stage per 
timing cycle. 


28.2. Design of TMA Logic Elements 


Several of the TMA circuit types described in Chapter 27 are used to 
effect additive logic or additive ripple logic. In counting and shifting 
applications, the shifting circuit is used; where information is to be 
stored, the square TMA is used; and where information is processed 
without storage, the TMA one-shot is used. 

TMA Embodiment of Additive Ripple Logic. The TMA is easily 
applied to additive ripple logic for a number of reasons, principally 
because: 


1. The TMA is triggered by a short pulse and may be designed to 
produce outputs of duration much longer than that of the trigger 
pulse. 

2. Transistor bottoming results in reasonably precise voltage 
outputs. 

3. Turns ratios may be used to produce any reasonable value of 
output voltage. 

4. Electrical isolation of the windings permits series addition of 
voltages and allows for both senses. 

5. Multiple windings on a core permit several electrically isolated 
outputs from a single TMA, and each output may have a different 
value and sense. 

6. TMAs may be used as basic logic circuits and also as enabling 
pulse generators. ; 
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When TMAs are used in additive ripple logic applications, certain — 
precautions must be taken. The designer must insure that trigger — 


can occur only during ripple time. This means that the resultant at 
all other times is negativein sense. If the input line has a bidirectional 
connection to the trigger circuit of a BLC, the negative sense of positive 
inputs during flyback tends to stop a regeneration in progress. To 
prevent this interference with the regeneration, a diode should be 
connected between the input line and the BLC. This requirement 
indicates the use of a parallel-path TMA as a BLC (Figs. 27.9 and 28.1). 

Input, Bias and Enabling Voltages. The determination of input, 
bias, and enabling pulse voltages to be used in an input line is most 


important. Input voltages are integral multiples of basic trigger 
voltage Vro. Bias voltages are d-c voltages directed against trigger-_ 
ing, and are of sufficient amplitude to prevent triggering except when — 
an enabling pulse voltage is present. This prevention of trigger 


includes all conditions of flyback and reset. Enabling pulse voltages 
are always in the direction of triggering, and sufficiently oppose the 
bias voltage to permit triggering if proper input voltages exist. 

Input voltages depend upon the choice of Vro. To obtain Vo, a 
minimum trigger voltage Vamin must first be determined. The 
voltage Vrmin is the smallest voltage which will trigger the BLC under 
worst-case conditions for a trigger duration of Trr. To this value 
must be added some predetermined antinoise bias voltage Vy. The 
resultant Vro should be reasonably larger than Vzpin + Vy. The 


value of Vo should also be chosen as a simple ratio to the collector 


supply voltage Vcc, for input voltages are obtained from other TMAs, 
and reasonable turns ratios are desirable. Thus, if Vy is 0.6 volt and 
Vemin i8 1.0 volt, Vro can be any voltage reasonably higher than 1.6 
volts. If Vec is 6.0 volts, Vro might be chosen as 2.0 volts, so that 
Vec is an integral multiple of Vro. If the value of an input is 1, the 


input voltage is 2.0 volts and the collector-winding-to-output-winding 
turns ratio is 3:1. If the value of an input is 2, the input voltage is: 


4.0 volts and the turns ratio is 3:2. 

The d-c bias voltage Vz is determined by the largest possible voltage 
obtained from the inputs. This value includes flyback and reset 
voltages as well as input voltages. When all inputs have positive 
sense, Vz9 must be greater than the sum of all input voltages plus Vy, 
When all inputs have negative sense, Vo must be greater than all fly« 
back or reset voltages plus Vy. Flyback or reset voltages may be 
difficult to calculate; this difficulty can be eased by the use of collector 
voltage limitation (Section 27.4). Where inputs of both senses 
used, Vago is calculated for each sense, and the larger value is used, 
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Enabling pulse voltage Vz may be calculated from Vago, Vro, Vn, 
and the active bias. If the active bias is a, then Vz is given by 


Ve = Veo + aVro — Vu (28.1) 


The active bias a may have either sense. The sense must be included 
in the equation; if the sense is negative, Vzislessthan Vgo. Whatever 
the result of the equation, the sense of Vz is always positive. 

Typical Circuit Diagram. The details of specific circuit designs are 
discussed in Chapter 22. One example is presented here to describe 
the method by which the logic diagram of a three-input or (Fig. 
28.2a) is translated into a circuit (Fig. 28.4). To avoid complication 
in the drawing, the reset windings for the TMA one-shots are not 
shown. 

The value of Vcc in this example (Fig. 28.4) is —6 volts, of Vro is —2 
volts, and of Vy is +0.5 volt. On the basis of these values, Vago is 
+6.5 volts, and Vx (eq. 28.1) is —6.0 volts. If 30-turn collector wind- 
ings are used, the output winding used to produce an input of V79 is 
10 turns. 

Enabling Pulse Drivers and Generators. The TMA used to 
produce enabling pulse voltage is called the enabling pulse driver. 
This driver is part of the enabling pulse generator and has the symbol 
ED with an identifying number. The enabling pulse driver is exter- 
nally timed by a clock associated with the enabling pulse generator. 
In Fig. 28.4, enabling pulse voltage is produced by E.D2 at ripple time 
RT2. Since Vz is 6 volts, the output winding and the collector wind- 
ing have the same number of turns. If 7, is 2727, the number of 
turns in the collector winding of E.D2 is one-half of 30 or 15 turns (if 
the core flux for EH D2 is the same as that of a BLC). 

An enabling pulse generator is a collection of enabling pulse drivers 
properly timed with respect to each other for the logic systems being 
controlled. The enabling pulse generator may control a complete 
system where every logical action is synchronously timed by an over-all 
system clock. Usually, however, subsystems of a large system act as 
separate entities. Each subsystem is brought into action by a master 
trigger controlled by the clock of the complete system. 

Usually, the enabling pulse generators are TMAs triggered in 
sequence to form a ripple chain (Section 28.1). Details of timing 
have been described. Typically, T'rr is 0.5 to 1.0 us, ART is 0.25 to 
0.5 ys, and 7'; is 2 ws or longer, 

The enabling pulse generator can be self-timed or externally timed. 
The logic diagram for the self-timed type (Fig. 28.5) shows that the 
delay provides AF7', and the switching time of the enabling pulse 
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—6v activated when the first enabling pulse from the keyed oscillator 
s occurs. The period of the keyed oscillator is 2ART. The keyed 
ap¥ oscillator, if synchronous with the master trigger, need not be turned 
off. 
RT1 RT2 RT3 
( —6v . ; 
i Basic logic 
circuit Master trigger 
~ from external clock 0 
Basic 30t Inputs : : 4 . 
logic FIG, 28.5. Enabling pulse generator producing ripple chain. 
circuits RT| RT2 RT3 RT4 
Ca tas <a in oh is Goa ea > 
-6v 
e e 
or} (oa) 
OO 00 
Phase 1 Phase 2 
Enabling pulses from 
keyed oscillator 
+ From last 
sey + st Keyed oscillator cu enabling 
Master trigger from pulse driver 
‘ Z external clock 
15t Enabling FIG. 28.6. Enabling pulse generator timed by keyed oscillator. 
pulse 
Diode or Elements. Two input lines may be combined through 
coe u diode oR circuit. The or diodes remove the need for the diode 
ciiver CR2 (Fig. 28.1) of the BLC. Each diode connects an input line to a 


common point at R3. Typically, as many as four input lines can be 


— +6.5v 
ored in this fashion. 







FIG. 28.4. . Three-input TMA or circuit. 


driver provides T’z7. The self-timed type has the advantage of sim- 
plicity and the disadvantage of lack of preciseness for ART’. More 
precise control of ART may be obtained through the use of a keyed 
oscillator which is turned on by the master trigger and turned off by 
the output of the last enabling pulse driver (Fig. 28.6). D0 is not an 
enabling pulse driver, but.a delay device which permits RD1 to be 


28.3. TMA Binary Addition 


An interesting application of additive ripple logic is the ripple adder. 
This device adds two binary numbers together in ripple fashion so 
that the sum requires a time only slightly greater than n(ART) + T:, 
where n is the number of bits to be added. Thus, two 20-bit numbers 
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can be added in the order of 6 us when ART is 0.25 us and T, is 1.0 us. 

It can be shown that the equipment required is small compared to 

standard parallel-addition devices. 
Basic Adder. The basic adder unit is derived from the following: 


Carry, c, = abc v ab’c Vv a’bc V abe’ (28.2) 
c, = —1,a, b, c (short notation) (28.3) 
Sum, s; = ab’c’ v a’bc' v a’b’c Vv abc (28.4) 
8, = 0, —2c1, a, b, c (short notation) (28.5) 


Note that by using additive ripple logic, the sum and carry may be 
derived from simple formulations. Carry, c, is the result of any two 
or three ONE inputs (eq. 28.3). 

Sum, s1, is the result of any single input being a ons, or all thr 
inputs being onEs, but not two inputs being oNnEs (eq. 28.5). If 
single ONE input occurs, c; is ZERO, and s; is ONH; if two ONES occ 
cy is ONE, —2c; cancels the input voltages, and s; is zERO; if t: 
onEs occur, the effect of —2c, is overcome, and both c; and s; are on 
These are precisely the requirements for sum and carry for a thr 
input addition. The three inputs are the two bits to be added and th¢ 
previous carry. These operations are shown in Table 28.3. 


Table 28.3. Truth Table, Basic Adder 
a b c atb+e atb+t+e-—-1 ec atbt+e— 2c 





Ke Ororcrc& 
Ker OOrrFro°O 
See ke COCO 
wWwnnre nN HK OS 
Nor FOF COF 
RePrRrROFrFOoO So 
KF COOrcOorr © 
—-corcrrK & 





Ripple Adder. The ripple adder combines the basic adder wi 
suitable timing to permit ripple addition. For each bit in turn, ¢) 
first produced, and —2c, is then applied one ripple time later to th 
same inputs to produce s;. The c; from one stage also produces th 
c input for the next stage so that s; of one stage is produced sim 
taneously with c; of the next stage. The numbers to be added 
held in square TMAs triggered at the proper ripple times (ig. 28, 
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Four TMAs are used in each bit. In addition, for n bits, n ripple 
drivers are used. Thus, essentially five TMAs per bit are required. 
This requirement includes the a and b registers. 

The sum may be transferred to the a register at some later time to 
produce an accumulator. An alternative approach is to delay the 
effects of the input lines representing s,, and trigger the corresponding 
a register stages at a later ripple time. This would eliminate, for 








O Oo= 1 O 0 O Oo= 1 60 O 
RT1 RT2 RT3 | RT2 RT3 RT4 |RT3 
First bit Second bit = Third bit 


(least significant) 


FIG. 28.7. TMA ripple adder. 


example, 7M4 and 7M8, and would lower the TMA count to four per 
stage, including register stages. 


28.4 TMA Shifting and Counting 


Shifting and counting are performed by shifting circuits (Figs. 28.3 
and 27.16). The shift register is a line of shifting circuits (Fig. 28.3) 
used to shift a binary word down a line so that each bit is displaced one 
element at each command. The shift register is the basic device used 
in shifting and counting. 

Ring Counter. If the output of the last bit of a shift register is 
connected to the input of the first bit, the register is recirculating. 
A recirculating shift register containing a single ONE is called a ring 
counter. If a single output is taken from an n-stage ring counter, a 
pulse is produced at the output once every n shift commands. 

Ring counters may be cascaded so that the output of one counter 
triggers the driver for the next. Thus, three 10-stage cascaded ring 
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counters can produce pulse outputs once every 10, 100, and 10! 
counts. ; 
Ping-Pong Circuit. A one-bit recirculating shift register is calle 
a ping-pong circuit (Chapters 7 and 10). A ping-pong circuit is 
form of dynamic storage wherein the single-bit content is circulated i 
the shifting circuitry once every shift command. In the TMA pin 
pong, the content is alternately transferred from the core to the dela, 


Ping-pong 


RT1 






b4 =1 
(Reset) 


40 
RT5 


FIG. 28.8. TMA ping-pong with clear. 


circuit and back to the core once every shift command. The conte 
of the ping-pong is either a ONE or a zERO. If the ping-pong is cire 
lating a zERO, the content may be changed to one by triggering t 
TMA externally. This action is called set (Fig. 28.8). Thereaft 
the ping-pong circulates a ong until the content is again changed 
ZERO by reset. The reset may take several forms, one form being 
prevention of an enabling pulse, and another the production of 
inhibiting pulse which opposes the enabling pulse (Fig. 28.8). 


ROBERT M. TILLMAN 
Burroughs Research Center 
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TMA 
ANALOG 
APPLICATIONS 


29.1 TMA Power Converters 


29.2 The TMA Oscillator as an 
Integrator 


29.3 Use of the TMA in Telemetry 


29.4 Multiaperture-Core Device 
TMA Oscillators 


The transistor-magnetic pulse amplifier (TMA) is essentially a 
digital device. However, certain characteristics exhibited by such 
variations of the basic TMA as the TMA oscillator (Section 27.6) and 
the TMA one-shot (Section 27.5) suggest the use of these variations in 
what are normally considered analog applications. The excellent 
linearity of the supply-voltage versus output frequency function of 
the TMA oscillator and the constant voltage-time integral of the out- 
put pulse of the TMA one-shot are characteristic examples of this 
analog potentiality. 

In general, digital techniques involve the measurement or generation 
of discrete levels of voltage or current in discrete step functions. The 
typical example of digital techniques is the generation of binary coded 
waveforms. Analog techniques are concerned with continuous func- 
tions. Certain devices essentially digital for voltages or currents are 
analog in the time domain. For example, a TMA oscillator produces 
discrete voltage pulses of fairly constant magnitude; the frequency 
at which these pulses occur, however, is continuously variable. Many 
analog devices involve voltage-to-frequency or, inversely, average pulse 
duration-to-voltage conversions. Certain digital devices, such as 
the TMA oscillator and the TMA one-shot, in suitable combination 
with other circuitry, can therefore be used to produce analog functions. 
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The analog applications of the TMA oscillator and the TMA one- 
shot often encounter severe environmental stresses. The advantages 
of using transistors in the favorable switching mode of operation is 
offset somewhat in certain critical applications by the dependence of 
the magnetic-core parameters upon temperature. Some form 
temperature compensation is required where TMA circuits are required 
to perform highly accurate analog functions under extremes of environ: 
mental temperature. In many cases the simplicity and compactness 
of the circuitry permit the use of small, automatically regulated oven 
for temperature control. 1 

This chapter describes in some detail several analog applications ¢ 
the basically digital TMA oscillator and TMA one-shot. The basi 
design and operation of both circuits are described in Chapter 27, 
The important analog applications of these devices are as d-c to d 
and d-c to a-c power converters, as integrator circuits, and as radii 


telemetry system components. Many other possible applications ma 
become apparent.!—!” 


29.1 TMA Power Converters 


One of the most direct applications of the TMA oscillator is as 
basic element in a compact, efficient power converter operating fro} 
d-c power sources. The operation of such a unit (Fig. 29.1) resembl 
that of a transformer except that direct current rather than alterna 
current is handled. This is the circuit of a TMA d-c to d-c conve 
Such units have found wide use in the aircraft and guided 
fields where the primary source of equipment power is generally a ¢ 
battery or generator supply. The basic TMA d-c to d-c convert 
(Fig. 29.1) generates a square wave of voltage that is transformed 
the desired value, rectified, and then filtered. 

A buffered circuit (Fig. 29.2) offers certain advantages when appr 
ciable power output is required. In this circuit, a relatively low-po 
TMA oscillator is used to drive a pair of high-power transistors 
switches in the output circuit. Variations in the load current afl@ 
the operating frequency of the basic oscillator far less than in 
circuit of Fig. 29.1. The addition of Zener diode regulation to th 
oscillator supply voltage further stabilizes the operating frequen 
A nonsquare core may be used in the output transformer, as the ondl 
lator operation is relatively independent of the output circuit, 
oscillator need only furnish the required base current to switeh t 
output transistors into and out of bottoming. 

The four-winding TMA oscillator circuit may be used in either of 
two d-c to d-c converter designs. However, the faster switchover 
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FIG. 29.1. TMA d-c to d-c converter. 


—Vec 





FIG. 29.2. Buffered TMA d-c to d-c converter. 


of the two-winding oscillator tends to produce lower collector dissipa- 
tion. Other circuit variations are covered in the literature. Three- 
phase a-c square-wave generators have been developed using TMA 


oscillator circuits. A square-wave output can be obtained by deletion 
of the rectifier and filter sections. 


29.2. The TMA Oscillator as an Integrator 


The TMA oscillator may be used to perform integration, in digital 
form, of an analog input voltage.' The supply voltage is the input 
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voltage. At each switchover, an integration begins. When the 
voltage-time integral reaches a value equal to the flux-turns of the 
core, switchover again occurs and a new integration is begun. The 
output voltage waveform Vout (Fig. 29.3b) follows the input voltage — 
waveform V;, (Fig. 29.3a), except for polarity reversals caused by 
switchover. The relationship 


i Vin dt = NOy (29.1) 


(where @y is the maximum flux difference) determines the duration 7 





Input Voltage 


oO 





Output Voltage 





(b) 


FIG. 29.3. Voltage waveforms, TMA oscillator used as integrator. 


of each output pulse. If, in a given time 7, the number of pul 
produced is n, then 


M 


and nis proportional to the total voltage-time integral by the reciprod 
of N@y. If each switchover produces a count pulse, and the coun 
pulses activate a digital counter, a direct analog-to-digital integr 
conversion results. 


29.3. Use of the TMA in Telemetry 


The flux-voltage-time relationships of TMAs are useful in 
development of small, low-power devices which are applicable 
telemetry. Telemetry in the most general sense is measurement it 
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distance. More specifically, telemetry is the measurement of a num- 
ber of quantities and the reproduction of the measurements at a remote 
location in convenient form. Telemetry is a complex art with an 
individually developed vocabulary; an explanation of this vocabulary 
is beyond the scope of this book. For a proper understanding of the 
terms used, the reader is referred to the literature. 13 

A type of radio telemetry in common use by the military and the 
aviation industry is FM-FM telemetry. The TMA oscillator and the 
TMA one-shot are both applicable to this type of telemetry. The 
TMA is also applicable to the pulse duration modulation (PDM) of 
time division multiplexed signals. 

TMA Subcarrier Oscillator for FM-FM Telemetry. The excellent 
linearity of supply voltage versus output frequency of the TMA 
oscillator suggests the use of the device as a voltage-controlled sub- 
carrier oscillator in FM-FM telemetry systems. A typical example of 
such an application is the telemetering of aircraft rudder movement 
during flight. A high-resolution potentiometer is coupled to the 
rudder moment arm to provide a voltage output that varies with the 
angular position of the rudder. Since the TMA oscillator presents a 
low impedance to the input voltage, the primary problem is one of 
impedance transformation to allow operation from a fairly high- 
impedance transducer without introducing serious potentiometer 
loading errors. Typical transducer output voltages are in the range 
of from 0 to +5 volts. The subcarrier oscillator deviation desired is 
typically +7.5 per cent of some center frequency for a +2.5 volts d-c 
change from the potentiometer center position. The oscillator cannot 
be operated directly with this voltage. Since the oscillator frequency 
is directly proportional to the applied voltage, the input circuitry 
must include attenuation, level shifting, and impedance transforma- 
tion. Stability requirements of this input circuitry are further com- 
plicated by the fact that errors are in terms of information bandwidth 
and not center frequency. Since the intelligence modulation fre- 
quencies (rudder movements, in the example) are low, a d-c amplifier 
and attendant design difficulties are implied. The oscillator must be 
operated at a nominal input voltage, the magnitude of which is modu- 
lated plus and minus in accordance with the voltage from the trans- 
ducer. In applications where environmental temperatures are rela- 
tively stable, a simple emitter-follower circuit (Fig. 29.4) may be used 
to perform the required impedance transformation and input voltage 
level setting satisfactorily. 

Some temperature compensation is provided by the diodes CR1 
and C2 for the variations in emitter-to-base voltage drop, with tem- 
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perature, of the emitter follower transistors TR1 and TR2. The 
temperature sensitivity of switching flux of the core' is the limiting 
factor for severe environmental conditions (on the order of 0.05 
per cent/°C for 4-79 Molybdenum Permalloy core materials). Labora- 
tory investigation has verified this measurement of flux temperature 
sensitivity. In terms of bandwidth, and thus data error, this meas- 
urement approximates a 16.5 per cent error for a 50°C change in 
temperature. 


Transducer 





Output 


FIG. 29.4. TMA subcarrier oscillator. 


Since the amplitude of the output square wave from the TMA ose 
lator varies in accordance with the applied signal voltage, a clip 
stage utilizing 77R3 is employed to eliminate the amplitude moduli 
tion. Band-pass filters of conventional design may be employed 10 
obtain a sine wave output. If the filter has a frequency response rollo 
of 6 db/octave, then it will compensate for the amplitude modulatio 
and eliminate the need for a clipper stage. The low power dissip 
tion and small component size permit packaging the entire unit in & 
small temperature-regulated oven of the type normally used in ccm 
junction with quartz crystals. 

Higher input impedance and generally more stable charavtertall 
may be obtained by the use of a transistorized-chopper-stabilized 
amplifier input circuit. The square-wave output of the oscillator 
be used to supply the chopper voltage. Experimental TMA sube 
oscillator units using both simple emitter-follower and transistori 
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chopper-stabilized input circuits have been built and tested by the 
author and his associates. 

TMA Subcarrier Discriminator for FM-FM Telemetry. The TMA 
one-shot has been shown to produce a constant voltage-time integral 
pulse with each application of a trigger pulse. It follows that, if 
trigger pulses are applied to a TMA one-shot at a discrete frequency or 
repetition rate, the output pulses can be averaged in a low-pass filter to 
produce a d-c voltage directly proportional to the trigger frequency. 

This principle is used in the design of a TMA discriminator® (Fig. 
29.5). A sine wave input signal is amplified, clipped, and then dif- 
ferentiated to form trigger pulses, one for each cycle of the input fre- 
quency. These triggers are then applied to a TMA one-shot, and the 
output pulses of the one-shot are integrated in a low-pass filter. The 
amplifier-differentiator section consists of an overdriven dual-transistor 
amplifier stage using 7’R1 and T'R2 followed by a diode-coupled 
capacitor-resistor differentiator C2-CR2-R2. The purpose of the 
parallel RC network R1-C1 is to develop the positive voltage bias 
(during the TMA one-shot regenerative cycle) that assists in turning 
off the TMA one-shot transistor 7R3 at the end of the pulse period. 
The bias voltage also helps to prevent false triggering. The negative 
portion of the one-shot waveform is removed by the action of the 
synchronous rectifier transistor 74. This transistor passes output 
current to the load only when the emitter is positive with respect to 
the base. The positive constant-voltage time-integral portion of the 
one-shot waveform is then averaged in the output low-pass filter. 
Thus, the output d-c voltage amplitude is directly proportional to the 
one-shot trigger rate, which is, in turn, a function of the input fre- 
quency. A typical circuit operates satisfactorily with input signal 
amplitudes ranging from 25 mv to 25 volts rms. 

The period 7 of the positive portion of the one-shot waveform is 
controlled by the relationship . 

Nc&u 

r Voge Vi (29.3) 
where Vg is the bottoming voltage of 723 and $y is the maximum flux 
difference of the core A. The period T is chosen to be less than the 
period for one-half cycle of the maximum input frequency. This 
choice is made to allow the d-c reset winding NR time to reset the core 
prior to the arrival of the next trigger pulse. The resistor 3 loads 
the TMA one-shot so that large operating currents may be used to 
saturate the core and thereby permit stable operation. 

Linearity is relatively independent of the supply voltage to the 





~ apertures in the ring of the toroid are minor apertures and the core 
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Input 








Rl 











(Band-pass filter not shown) Amplifier and differentiator 


FIG. 29.5. TMA subcarrier discriminator circuit. 


TMA discriminator, since the area under the generated pulse remains 
constant when the collector winding and core flux are fixed. Lineari- 
ties of +0.05 per cent of full-scale output voltage are obtainable, 
The addition of an input band-pass filter to the circuit, with the proper 
choice of component values, converts the circuit to one suitable fom 
use in an FM-FM telemetry system. 


29.4 Multiaperture-Core Device TMA Oscillators 


The frequency of a TMA oscillator may be flux-controlled instead of 
voltage-controlled. Flux control may be accomplished through the 
use of a multiaperture-core device (MAD, Chapter 31). 

In a MAD TMA oscillator, the MAD is a magnetic core with one or 
more apertures in the ring of the toroid of magnetic material (Figs, 
29.6 and 29.8). The magnetic core itself is the major core, and the 
central aperture (the center of the toroid) is the major aperture. 


(y} 
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Output 





| 
| 
| 
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| 
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TMA one-shot pu!se generator 


Output switch and diode clamp 


FIG. 29.5 (continued) 


material in the immediate vicinity of a minor aperture is a minor core. 
The portions of the core above and below a minor aperture, about 
which windings may be wrapped, are legs. 

A MAD may be composed of molded ferrite (Chapter 31) or of 
ferromagnetic metal. One example of the latter case is a major core 
composed of laminated metal sheets with etched minor apertures. 
Minor apertures may also be drilled or stamped, but the effects of 
such mechanical working on the magnetic properties of the MAD may 
be serious. 

Operation of MAD TMA Oscillator. In the basic MAD TMA 
oscillator configuration (Figures 29.6 and 29.7), oscillator collector 
windings NC1 and NC2 are wound about the minor aperture, and an 
input winding N2 is wound about the major aperture. An mmf 
applied to N2 changes the switching flux of the TMA oscillator, so 
that the frequency of oscillation is a function of the mmf in N2. 

If the major core is demagnetized, the TMA oscillator operates at 
minimum frequency. Application of a signal to N2 sufficient to 
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partially magnetize the major core by an amount of ¢¢ (Fig. 29.6) in 
either direction reduces the switching flux of the minor core by ¢¢ 
and the frequency increases. When ¢c is equal to g of the minon 
core, the TMA oscillator operates on remanent flux alone, and the 
frequency is very high. 


Major 
aperture 






Input 
signal 


FIG. 29.7, MAD TMA oscillator circuit. 


The resistor #1 (Fig. 29.7) limits the mmf produced in NC1 and NC2 
by TMA action; #1 prevents this mmf from excessively disturbing the 
flux of the major core in the vicinity of N2 (Fig. 29.6). Reduction in 
this type of disturbance may also be achieved by winding one-half 
of each collector winding about the upper leg of the minor aperture 
and the other half about the lower leg. 

A superior method of reducing disturbance of the major core by 
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the oscillator is obtained through the use of two minor apertures 
(Fig. 29.8). When a single minor aperture is used, the TMA oscillator 
mmf can have an effect on N1. When two minor apertures are used, 
each aperture has an effect on N1, but the effects are opposite and 
tend to cancel. With proper construction for good balance, the 
limiting resistor may be removed, thereby improving frequency 
stability under load. 

The small interaction between the TMA oscillator and the major 
core is beneficial, in that the interaction is, in effect, similar to the 


Input 
signal 





FIG. 29.8. Double-minor-aperture MAD TMA oscillator core. 


high-frequency bias of a magnetic tape recorder, and improves the 
linearity of response. 

MAD TMA Oscillator as a Flux-State Detector. Since the fre- 
quency of a MAD TMA oscillator is a function of the flux state of the 
major core, detection of this frequency provides a continuous check on 
the flux state of the major core without destructive read. 

The principle may be used to detect the count of a quantized flux 
scaler (Section 27.7), where the quantizer core partially switches the 
major core of a MAD TMA oscillator and, simultaneously, partially 
switches the scaler core. The reset circuitry for the scaler also resets 
the major core. At the beginning of a count, the major core is satu- 
rated and the frequency is high. At each step in the count, the major 
core becomes more demagnetized and the output frequency decreases. 

The MAD TMA oscillator may also be used as a peak current 
detector, if the hysteresis loop of the major core has sloping sides. 
The flux state of the major core is then a function of the largest current 
previously applied to N1, provided the current was applied for a 
period sufficiently long to allow the flux state to settle to a steady 
value. 
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MAD TMA Oscillator as a Magnetometer. If the major core of 
a MAD TMA oscillator is a bar magnet (Fig. 29.9), the flux path for 
the major core is completed through the space outside the magnet. 
The flux state of the bar magnet, therefore, is sensitive to external 
magnetic fields, and the frequency of the MAD TMA oscillator changes 
as a function of the external field. If the bar is aligned parallel with 
the external field, maximum effect occurs ; if the bar is aligned per- 
pendicular to the external field, minimum effect occurs. 





FIG, 29.9. Physical form of MAD TMA magnetometer. 


: Experimental models of the MAD TMA oscillator magnetometer 
described above have produced measurable frequency changes in th 
presence of a very weak external field (for example, 0.002 at/m) . 
For maximum sensitivity, a small permanent magnet is attached to 
the bar to provide a magnetic bias so that operation is conducted at 
the most sensitive state of the bar. : 

Without the biasing magnet, the magnetometer operates only to 
decrease frequency, and it is possible to determine only the alignment 
(and not the direction) of the external field. With the biasing magnet . 
the magnetometer operates to increase or to decrease frequency 0d 
that the direction of the external field is detectable. The external 
field either aids or hinders the bias magnet. Using a bias magnet, a 
5/1 frequency change has been obtained by aligning a bar magni 


MAD TMA oscillator with the field of the earth, and then rotating the 
bar 180°. 
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OTHER 
TECHNIQUES 


Part VII, which consists of 
Chapters 30 and 31, describes two 
classes of data manipulative circuits 
which are not based upon combina- 
tions of square-loop cores and 
diodes. 

Carrier magnetic amplifiers 
(CMAs, Chapter 30) constitute a 
class of amplifiers wherein data 
transfers occur after several cycles 
of an alternating power source. 
The basic circuit element of the 
CMA is the saturable reactor, which 
may be applied as either a linear 
amplifier or as an ON-oFF device. 
The CMA as described here is 
based upon the experience of Beck- 
man Instruments, Inc. 

Multiaperture-core magnetic pulse 
amplifiers (of which the MMAs, 
Chapter 31, are a type) constitute a 
rapidly expanding class of circuits 
employing variable-geometry ferrite 
cores as basic elements. Consider- 
able logical design flexibility is 
provided and the magnetic elements 
are the only circuit components 
required. The description is based 
upon the results of a study con- 
ducted by the Stanford Research 
Institute under the sponsorship of 
the Burroughs Corporation. 
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SYMBOLS USED IN CHAPTER 30 


CR1, CR2,--- Specific diodes 

C1, C2,--- Specific capacitors 

C1, Co, - + + Specific 
capacitances 

Lac Carrier current 

I, Control current 

L Inductance 

n Integer 

N1 Control winding 

N2 Carrier winding 

R Resistor 

RV1, RV2, +--+ Specific varistors 

Ri, R2,-.-.- Specific resistors 


SYMBOLS USED IN CHAPTER 31 


a,b,--- Specific logic 
variables 

A Transmitting core 

A, B Alternate groups 
of cores, shifting 
circuits 

B Receiving core 

c Carry 

F Mmf 

Fas Transmitter bias 
mmf 

Fgep Receiver bias 
mmf 

Foc D-c bias mmf 

Fy, Fo, ++: Threshold mmf, 
specific flux paths 

G Flux gain 

I Average or con- 
stant current 

Tap Transmitter bias 
current 
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Xr, 


Ibe 


Ic 
I 


Ii 


T, 


I, 12, «'+ « 


Iy, Lo, ome 


NAB 


NBB 


N1 





N2 
N AB; N ) Se ee 
Pp 
R 
Specific resistances 
Saturable reactor Ri, R2, - 
Specific cores or Ri, Ro, 
transformers 8 
Carrier winding t, ta, 
voltage 
Bias voltage Ta 
Plate supply 
voltage Tl, T2,--- 
Capacitive ¢, ® 
reactance 
Inductive on OL, ou 
reactance 
o* 


Receiver bias 
current 

Clear current 
Drive current, 
read current 
Output branch 
current 

Input branch 
current 
Specific legs of 
minor toroids 
Specific 
inductances 
Integer 

Turns 
Transmitter bias 
winding 
Receiver bias 
winding 
Output wind- 
ing 


Input winding 
Turns values, 
specific windings 
Decimal fraction 
Drive current 
range 

Specific resistors 
Specific resistances 
Sum 

Specific clock 
times 

Switching time, 
transmitting core 
Specific cores 
Instantaneous and 
constant flux 
Specific partial 
switching fluxes 
Input-output flux 
difference 


®j, Bo, se. 


~ 


Switching flux, 
specific legs 

OR (logic) 

NoT (logic) 
(subscript only) 
Value for trans- 
mitting core 
(subscript only) 
Value for receiving 
core 

(subscript only) 
Value for zERO 
transfer 
(subscript only, 
except Io) Value 
for ONE transfer 
(subscript only) 
Shift left 
(subscript only) 
Shift right 
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~ CARRIER 
MAGNETIC 
AMPLIFIERS 


30.1 The High-Frequency SR 30.3. Power Supplies for CMA. Cir- 
30.2 Digital Applications of the cuits 
CMA 


The preceding chapters have described magnetic pulse amplifiers 
wherein transitions occur during a single power pulse. This chapter 
describes a class of amplifiers wherein transitions require several 
cycles of an alternating power source. To be differentiated from 
magnetic pulse amplifiers, the amplifiers described in this chapter are 
called carrier magnetic amplifiers (CMAs). The power source is a 
carrier supply. Thus, CMAs may be considered magnetic carrier 
modulators. Discussion is limited to CMAs designed to operate with 
high-frequency carriers. 

The basic circuit element of the CMA is the saturable reactor (SR). 
Schematically, an SR is represented as consisting of two windings on a 
magnetic core; the core may be a toroid or a bar. The windings may 
cover separate sections of the core, or may be wound on top of 
each other. The SR with its accompanying windings comprises a 
CMA. The CMA may be used as a linear amplifier or as an ON-OFF 
device. 

When the CMA is used as a linear pulse amplifier, current in one of 
the windings controls the reactance of the second winding. If the 
second winding is energized by a carrier supply, the carrier current is 
modulated linearly in response to a small d-c control current. When 
the modulated carrier is demodulated by rectification and filtering, 
the output is an amplified replica of the control current. This ele- 
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mentary linear CMA can be modified by simple feedback arrange- 
ments to produce such circuits as oscillators, one-shot multivibrators, 
current discriminators, and logic circuits. 

The CMA can be designed to operate as an oN-orr device when the 
inductive reactance of the controlled winding equals the capacitive 
reactance of the circuit in which it is placed. In this case, a resonant 
circuit is formed which passes sufficient carrier current so that the SR 
saturates and remains saturated or latches; this phenomenon is called 
ferroresonance. A ferroresonant CM A has two stable states, latched 
and unlatched; the circuit remains stable in either state until switched 
to the other state by an input signal. Ferroresonant circuits may be 
connected in a ring wherein only one of the circuits is latched at any 
one time. In response to successive input pulses, the latching con- — 
dition progresses from stage to stage in the ring, thereby forming a 
ring counter. 

The frequency of the carrier limits the frequency response of a CMA 
amplifying system. A ratio of about 1 to 5 represents a practical 
maximum for information-to-carrier frequency; a 1-me amplifier 
requires approximately a 5-me carrier. The circuits discussed in this _ 
chapter are limited to fast-response circuits of the type used in com- 
munications and data-processing systems. 


30.1 The High-Frequency SR 


The high-frequency SR used to control carriers in the megacycle 
region must have certain special characteristics. These characteristics 
are governed by the type of core and the type, size, and rated power of 
the reactor. At high carrier frequencies, shunt capacitances, negligible 
in low frequency units, are of primary importance. A molybdenum 
permalloy core no larger than a human hair can control many watts of 
carrier power. For a given power rating, the physical size of the SR 
is proportional to the period of the carrier. Typically, a commercial 
CMA potted in a 3%-in. cube has a maximum power rating of 3 watts 
when used with a 10-me carrier supply. 

Core Considerations. The ideal core properties for operation of 
the SR at high carrier frequencies are: 


1. Minimum hysteresis and eddy current losses. 
2. High saturation flux density. 

3. Very square dynamic hysteresis loop. 

4. Stability of magnetic characteristics under changing temperatu 


and under mechanical strain and shock conditions. (i 
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The ferromagnetic materials which best suit these requirements are 
the ferrites and very thin, nickel-iron alloy, metallic-tape material. 
Cores fabricated from these materials form efficient SRs. The 
metallic-tape core is more efficient but its initial cost is higher. More- 
over, the metallic-tape core exhibits more stable magnetic properties 
with respect to temperature than does the ferrite core. This character- 
istic is an important consideration, both in low-drift, high-gain linear 
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FIG. 30.1. SR inductance characteristic. 


CMA applications and in ferroresonant CMA flip-flop circuits, where 
self-generated heat causes considerable change in the firing voltage. 
Basic Types of Saturable Reactors. The two most common types 
of SRs are the toroid and the solenoid. The toroidal SR is discussed 
extensively in the literature. 2 The solenoidal SR, however, is not 
as well known and is only briefly covered in the literature.’ For this 
reason, a short description of the solenoidal SR follows. A 
The solenoidal SR is basically composed of one or more long thin 
solenoids, each with a molybdenum permalloy core. Normally, two 
solenoids are placed side by side, and are connected in series to be 
mutually aiding. A third coil, the control winding, is wound over 
these two coils. When energized by a carrier, the carrier currents 
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applied to the carrier winding induce no voltage in the control circuit 
since the two solenoids are phased oppositely with respect to the con- 
trol winding. However, a current in the control winding causes a 
saturation of the cores, and thus reduces the inductance of the carrier 
coils. 

The most important characteristics of the SR can be shown by a plot 
of the effective inductance of the carrier winding against the mmf of 
the control winding (Fig. 30.1). The curve shown in the figure is 
typical for the solenoidal SR. The saturability (or ratio of the carrier 
winding inductance in the unsaturated state to that in the saturated 
state) of this type of SR is quite good, typically 20 to 1. Values of 
over 120 to 1 have been obtained in some specimens. 


30.2 Digital Applications of the CMA 


The CMA is used to manipulate digital data in several differen 
types of circuits. In these applications, both linear and ferroresonan 
CMAs are used. 


Carrier supply voltage 
(30 volts, 10 mc) 








Control current 
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<—Carrier winding 
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Filter 


Cl ilte 
(5 uuF)T~ capacitor 
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FIG. 30.2. Basic CMA circuit. 


Rl 
(2200 ohms) 


Linear CMA Applications. Typical circuit applications of 
linear CMA include use as an oscillator, a multivibrator, a curre 
discriminator, a balanced or differential amplifier, and a coinciden 
gate. An understanding of the basic CMA circuit (Fig. 30.2) is 
necessary prerequisite to the analysis of typical applications of 
CMA. A source of a-c power (in one application, 30 volts at 10 me) 
applied to carrier winding N2. The other end of this winding is 
nected to a common load impedance C1 (in this case, 5 pf), ae 
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‘which the output voltage is developed. This a-c output voltage is 


rectified and filtered to give a d-c output across 1 (in this case, 
2200 ohms). 

The transfer characteristic of the CMA (output voltage versus con- 
trol current) is shown in Fig. 30.3. Initially, the output voltage is 
low because the SR is unsaturated and exhibits high impedance. In 
this condition, the inductance is nearly constant from zero current 
until saturation begins. Also, the current flow through the carrier 
winding is small, causing only a small a-c voltage to be developed 
across the common impedance. ; 

As the core of the SR approaches ye Begin saturation 
saturation, the inductance of the Output voltage 
carrier winding decreases and the 
output voltage increases. The 
maximum output voltage is at- 
tained when the core reaches full 
saturation; the inductance stays 
nearly constant again at a lower 
value. 

The point at which saturation 
begins can be set by a bias magnet 
or by a bias current through the 
control winding. The bias mag- 
net is a small permanent magnet mounted on some types of SRs. This 
magnet can be rotated to increase or decrease the initial degree of 
saturation, thus achieving a biasing effect corresponding to the grid 
bias in vacuum-tube circuits. Biasing is not normally required for 
digital applications since most interest lies in the two end conditions 
(saturated or unsaturated). 

The single-stage linear CMA can be converted to a current dis- 
criminator by placing a regenerative feedback resistor between the 
input and output (Fig. 30.2). This circuit is the magnetic equivalent 
of the well-known Schmitt trigger circuit. The output voltage pro- 
duces current in the control winding and the feedback resistor in a 
direction that reinforces the input current. When the SR begins to 
saturate, the gain from input to output rises sharply. When the feed- 
back loop gain becomes greater than 1, the control current and output 
voltage increase rapidly in a regenerative manner until the SR is fully 
saturated. When saturated, the gain of the SR decreases to nearly 
zero and further increases in input current have no effect. However, 
if the input current decreases to a value slightly lower than that at 
which sudden saturation occurred, the output voltage begins to drop 
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FIG. 30.3. CMA inductance transfer 
characteristic. 
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and a reverse regenerative action returns the circuit to the original © 
unsaturated state. The state the circuit assumes depends only upon 
whether the input current is above or below a certain value. For this 
reason, the circuit is called a current discriminator. 

If the value of the feedback resistor in the current discriminator is 
lowered, the feedback current in the saturated state becomes so great 
that it will hold the SR saturated without the aid of any input current 
Therefore, with no input current, the circuit is stable in either the 
saturated or unsaturated state. Because of this characteristic, the 
circuit may be used as a flip-flop. Starting at zero input current in 
the unsaturated condition, a pulse of positive current switches th 
circuit to saturation, where it remains when the input returns to zero 
With the circuit in the saturated state, a pulse of negative input current 
switches the circuit back to the unsaturated state; the SR stabilize 
itself when the input again returns to zero. ( 

The linear CMA circuit can be converted to a one-shot multivibr 
tor by adding a series RC feedback branch between input and ou 
put (Fig. 30.2). The input current to this circuit is usually a positi 
pulse. The rising current of each pulse produces a voltage rise at th 
output. This voltage effects a positive potential on the output side 
the feedback capacitor, causing the input side to draw current throu 
the feedback resistor and control winding. If the input pulse h 
enough amplitude to cause the SR to become partially saturated, th 
feedback loop gain momentarily becomes greater than 1, and the eo 
trol current and output voltage increase rapidly in regenerative fashic 
until the SR is fully saturated. When the control current re-en 
the region of partial saturation, a reverse regenerative action rapi 
returns the SR to the unsaturated state. The duration of full satura 
tion becomes longer as the RC time constant of the feedback loo 

lengthens. 
The one-shot multivibrator circuit is used mainly to produce unifo) 
amplified pulses with steeper leading and trailing edges than are pt 
vided at the input. The circuit also functions as a pulse gate if 
bias current is used to raise and lower the d-c level (a function of tht 
control current in the absence of input pulses). With a large d-c les 
input pulses of correct amplitude reach the region of partial saturatié 
and output pulses are produced. In this condition, the gate is opel, 

With a low d-c level, input pulses do not cause partial saturation; th 

fore, no output pulses are produced, and the gate is effectively ol 

Ferroresonant CMA Applications. The linear GMA cire 
previously described are designed so that the carrier does not have | 
appreciable saturating effect. This is done by maintaining a o¢ 
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paratively low carrier current. However, a heavier carrier current can 
saturate the SR without the aid of any control current. The class of 
circuits in which the carrier current plays a dominant role in the satura- 
tion of the core is known as ferroresonant CMA circuits. The very 
complex, nonlinear phenomenon of ferroresonance has been extensively 
analyzed in the literature.“ > Essentially, a ferroresonant CMA cir- 
cuit has two stable states, and remains in either state until switched 
to the other state. These particular circuits have only recently been 
utilized in digital applications. Cur- I, 
rently, they have been applied as flip- —=* 7? = Canter 
flops, ring counters, and shift registers. ! ac SUPPIY 
A simple series ferroresonant circuit 
(Fig. 30.4) operates in the following 
manner. Capacitor Cl has a value 
such that its capacitive reactance X¢c 
equals the inductive reactance Xz, of 
carrier winding N2 at some point near 
full saturation. At this point, the zs 
Rl 


N1 | N2 


carrier winding circuit becomes a series 
resonant circuit and the total imped- 
ance becomes sufficiently small so that 
enough carrier current flows to satu- 
rate the SR in the absence of control 
current. ; 

The reactance Xz of the carrier winding circuit varies with carrier 
current J,- when there is no control current I, (Fig. 30.5a). As shown 
in the figure, the carrier current and total reactance are interdependent. 
As the resonant point is approached, an increase in current results in a 
decrease in reactance. This causes a further increase in current, 
producing another decrease in reactance, and so forth. This regenera- 
tive action continues to the resonant point. Beyond resonance, the 
reactance, which is now capacitive, increases to a value which limits 
the current. The current has two stable states: an unsaturated state 
at point B, and a saturated state at point F. The current may be 
triggered from the unsaturated to the saturated state by any action 
which partially saturates the SR enough to lower the reactance to 
point C. To switch the circuit back to the unsaturated state, the 
carrier voltage must be lowered so that not enough current flows to 
maintain saturation, even at the resonant point. 

The relationship between the voltage Vq_ across the carrier winding 
circuit and the carrier current J q¢ flowing when the load resistance FR, is 
considered can also be shown (Fig. 30.5b). This figure illustrates the 


FIG. 30.4. Series ferroresonant, 
CMA circuit. 
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bistable characteristics of the circuit. At a certain operating voltage 
either of two possible values of current can exist: one at point B 
(unsaturated), and one at point F (saturated). Point D, in the nega- 
tive resistance part of the curve, is highly unstable. 

Two methods are used to switch the circuit of Fig. 30.4 from one 
stable state to the other. One method is to change the carrier voltages 
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FIG. 30.5. Series ferroresonant CMA characteristics, showing (a) reactance ¢ 
acteristic at zero I,, and (b) transfer characteristic at zero I;. 


Vac momentarily. If the circuit is stable at point B (Fig. 30. 
and V,, is raised to a value above that at point C, the current incr 
to some value beyond point G. If V,, is then returned to the bista 
operating voltage, the current declines to the other stable value at po 
F. On the other hand, if the current is stable at point 7, and Vy, 
reduced to a value below that at point Z, the current drops swiftly 
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value below that at point A. If Vac is then returned to the bistable 
voltage, the current rises to a stable value at point B. 

Another means of switching the circuit of Fig. 30.4 from the unsatu- 
rated to the saturated state is the application of a control current pulse 
of either polarity. The application of some d-c control current shifts 
the total reactance curve (Fig. 30.5a) to the left on the scale because 
the control current assists the a-c current in producing saturation. 
Consequently, the carrier winding circuit reaches the point of resonance 
at a lower value of a-c current. In this condition, however, the circuit 
is no longer bistable at the operating voltage shown in Fig. 30.5); it is 
stable only in the saturated state. If the circuit is operating at point 
B (Fig. 30.5b), a pulse of control current switches it to the saturated 
state. Another pulse of control current, however, does not switch 
the circuit back to the unsaturated state. The only way to switch 
the circuit to the unsaturated state is to reduce carrier supply voltage 
Vac to a value below that at point F. 

The series ferroresonant CMA circuit shown in Fig. 30.4 has the load 
resistor R1 connected in series with carrier winding N2 and capacitor 
C1. A parallel ferroresonant CMA circuit can be formed by connect- 
ing both R1 and C11 in parallel with N2. Because the two types of 
circuits have similar behavior characteristics, they are both bistable; 
their main difference is in the manner of feeding current to the LC 
combination. The impedance of the carrier supply generator can be 
designed so as to have minimum influence on the operation of the cir- 
cuit. In actual applications it has been found that series ferroresonant 
CMA circuits are most adaptable to ring counter application (requir- 
ing a very low impedance source), and that parallel ferroresonant CMA 
circuits work well in shift registers (requiring a high impedance 
source). 

Ferroresonant CMA Ring Counter. Several series ferroresonant 
CMA circuits can be connected in a ring fashion to form a pulse count- 
ing device. A ring made up of three such bistable elements (Fig. 
30.6) has three discrete stable states, and is known as a ring-of-three. 
(A fourth CMA is required in this circuit to facilitate the switching 
function around the ring.) Any number of bistable elements can be 
so connected to provide a ring-of-n counter, where n can be any integer 
greater than 2. If n is 2, the conventional complementing flip-flop 
is obtained.” 

The carrier winding circuits (Fig. 30.6) are connected in parallel 
through (4 to the carrier supply so that only one SR can be saturated 
at any given time. If (4 were short-circuited, the voltage across all 
of the LC combinations (N2-C2, for example) would rise high enough 
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to cause all of the SRs to saturate with carrier current alone. How-— 
ever, since the carrier voltage is applied through C4, the voltage across — 
all of the LC combinations initially rises only until one SR saturates — 
and draws heavy current through its carrier windings. When this 






Carrier 
supply (1.7 mc) 










Y, 
FIG. 30.6. Ferroresonant CMA ring counter. 


happens, the voltage across all three SRs is lowered owing to th 
voltage drop across (4. The lower voltage is sufficient to main’ 
saturation in one SR but not high enough to cause either of the oth 

two to saturate without the aid of the control current. As sho 
Fig. 30.5b, the voltage across one LC combination originally rises” 
that at point C, then falls to a value between points C and HB, 
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more than one SR were to saturate, the voltage across all three would 
drop below the value at point Z, and all but one would be forced to 
assume the unsaturated state. 

This ring counter circuit is analogous to three gas tubes connected in 
parallel through a high resistance to a d-c voltage source. When 
voltage is applied, the potential across the tubes rises until one breaks 
down. When this occurs, the other tubes do not fire, as the striking 
voltage of these tubes is greater than the operating voltage of the tube 
already lit. 

One method of triggering the ring counter from one state to the other 
is to momentarily lower the carrier voltage. The circuit of Fig. 
30.6 is designed to be triggered as follows: Reactor 71 is assumed 
saturated. A large RF voltage drop appears across C1, but only a 
small drop across C2 and C3. Since each capacitor is connected to 
one end of the control winding of the next SR in the ring, a large RF 
signal appears at the 7'2 control winding and a much smaller signal at 
the control windings of 73 and 71. The other ends of the control 
windings are connected through varistors to a d-c bias. The biased 
varistors act as diodes and pass very little current as long as the voltage 
across them remains below a certain value. When the voltage rises 
above this value, the resistance of the varistors declines and current 
flows freely. Initially, all of the varistors are biased off with respect 
to the a-c voltage at the control windings. But when the large RF 
signal appears at the control winding of 72, pulsating d-c current is 
drawn through varistor RV2, charging C6. The lower RF voltage at 
the outputs of 72 and 73 is not sufficient to overcome the 5-volt 
bias on the varistors; therefore, C’7 and (5 are not charged. 

In this condition, a triggering d-c current pulse is applied to the 
input. The resultant current flowing through the control winding 
of 7'4 lowers the reactance of the associated carrier winding to the 
point where the N2-C4 combination forms a parallel resonant circuit 
at the carrier frequency. The high impedance of this particular LC 
combination momentarily reduces the carrier voltage reaching the 
SRs in the ring, causing 7'1 to revert to the unsaturated state. 
When the input current returns to zero, the carrier voltage rises again 
and one of the SRs must saturate. In this case, 7'2 is already par- 
tially saturated, and saturates first. The partial saturation of T2 is 
caused by the current rise in the 7'2 control winding resulting from 
the discharge of C6 (following the switching of 7'1 to the unsaturated 
state). The next input pulse returns 72 to the unsaturated state 
and saturates 73. Successive input pulses cause the saturated state 
to revolve around the ring. 
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Incandescent indicator lamps, if desired for the ring counter, are 
placed directly in series with N2-C1. Glow lamps are usually lit by 
the carrier voltage developed across C1. 

Rings of ten SRs provide decimal counters with ten discrete outputs. 
These units are cascaded to give a counter of any desired capacity. 
Such counters have wide usage in instruments which perform numerous 
types of counting and control services.* ° 


30.3 Power Supplies for CMA Circuits } 


The ideal CMA power supply should have a stable output amplitud 0 
and frequency with the output impedance requirements depende 
upon the application. These properties are important to the efficient, 
operation of CMA circuits. For linear CMA applications using several 
series CMAs in parallel, generator impedance must be low, since any 
impedance acts as a common coupling impedance between stages an¢ 
introduces undesired feedback paths. ( 

In digital applications particularly, the binary pulse load placed 0 
the generator can cause excessive modulation of the carrier, if the 
generator impedance is too high. Conversely, when several paral 
CMAs are used in series, generator impedance must be high. Series 
CMAs are more commonly used than parallel CMAs. Therefore, thit 
section is confined to a discussion of low-impedance power supplies, — 

In series ferroresonant CMA circuits, the generator impedance is it 
series with other circuit elements. This impedance, therefore, shoult 
be as small as possible, so as not to affect the behavior of the cireuil 
Although the dissipative power is small, the reactive current can b 
large, causing a considerable voltage drop across even a small generat 
impedance. I 

Variations in carrier voltage cause the d-c set point of single-st 
linear CMAs to vary in a direct ratio, which is highly undesira bl 
This variation is usually compensated for by employing feedbae 
balanced, or bridge circuits,? or carrier stabilization in the OM 
circuit. These corrective measures are applied to counteract 1 
normal drift in the carrier supply output. Carrier supply voltage f 
ferroresonant CMA circuits must be kept within the bistable operatit 
zone. This zone extends from 4 to 10 volts for the typical ser 
ferroresonant CMA circuit shown in Fig. 30.4. 

Variations in carrier frequency are not a serious problem in the CO} 
circuits discussed in this chapter because the circuits are not extrem: 
frequency-sensitive. Moreover, the carrier frequency is one of 
easier properties to control. 
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A class C self-excited power oscillator (Fig. 30.7) has proved to be a 
convenient and reliable source of high-frequency carrier power. With 
the addition of a simple ferroresonant regulator, this oscillator demon- 
strates characteristics similar to those of the ideal carrier power supply. 

The oscillator uses a vacuum tube in a tuned-plate, untuned-grid 
circuit. A variable capacitor C4 is used to adjust the output fre- 
quency. The output voltage is stepped down to the required low- 
impedance output by transformer 71. 






Cl 
Output ¢--4]+-- 


Low-impedance 
output - 71 
+ 


FIG. 30.7. RF power oscillator. 


If the power output is to be applied at some distance from the oscil- 
lator, it is necessary to distribute the oscillator output at a high voltage 
and a low current, to avoid line drop. (The line drop, in this case, is 
caused by the inductive reactance of the line rather than by line resist- 
ance.) The transmitted output is stepped down at the point of appli- 
cation by a powdered-iron cup core transformer; this transformer fur- 
nishes a low-impedance source at the point of use. 
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MULTIAPERTURE- 
CORE 

MAGNETIC 

PULSE 
AMPLIFIERS 


31.1 Basic MMA Form and Opera- 31.5 Unity Turns Ratio 
tion 31.6 Circuit Evaluation 

31.2 Basic Transfer Loop 31.7. Shifting Applications 

31.3 Pulse Biasing 31.8 Logic Applications 


31.4 Basic Design Equations 


Although the development of the multiaperture, or multipath, 
magnetic-core technique is still in its infancy, enough basic research 
and experimental effort have been devoted to the subject to indicate 
an excellent potential for the technique in both logic and storage 
applications. The unusual signal storage and control properties of the 
device and the variety of geometric configurations possible permit great 
freedom for design imagination. Effective decoupling between differ- 
ent windings linking the same element is obtained, and single-turn 
windings appear to be applicable. In addition, this circuit technique 
is attractive from a reliability and economy standpoint. For example, 
component count is reduced from that of existing core-diode circuits, 
even below that required for the single-diode loop described in Chapter 
8. Only magnetic elements and connecting wire, aside from driving 
sources, are required to construct complete logic systems. 

In the previous chapters, the magnetic cores described have been in 
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nearly all cases simple symmetrical toroids. With geometric variati 
in the structure, however, a new design freedom can be achiev 
resulting in effective decoupling between the different windings linki 
the same element. It is this decoupling property that makes th 
variable-geometry ferrite core, or multiaperture-core device (M AD) 
amenable to data flow without the use of unilateral devices such 
diodes, and to nondestructive reading in both digital and anal 
applications.? * The geometry of the MAD must be considered fro 
two standpoints: the reliability of the MAD as a device for transferr 
data into a second similar core, and the capability of the core in p 
forming logic operations. Other configurations of multiaperture co 
have been suggested. ® 


31.1 Basic MMA Form and Operation 


The basic MMA (Fig. 31.1) isa MAD element with associated inp 
output/read, and clear windings. The MAD element is gener 






Input winding Output/read winding 


Clear winding 


FIG. 31.1. Typical MMA, functional representation. 


composed of a rectangular hysteresis loop material such as ferri 
The mass of material comprising the element contains two or m 
apertures.2* In the simplest geometric configuration, the element 
essentially a toroid, with the hole in the toroid forming a major @ 
ture, and one or more holes in the ring of the toroid forming 
apertures. At least two minor apertures are required, but many 
are possible. 

Flux Paths and Legs. The effect of the two minor apertures, 
input and output apertures, is to form a number of distinct flux 
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The flux changes (and their effects) occurring in the normal MMA 
operating cycle can best be explained by considering four specific legs 
of these flux paths. The four separate cross-sectional areas of core 
material on the horizontal axis of the toroid (Fig. 31.1) represent the 
four legs. Leg 11 lies between the left outermost edge of the toroid 
and the left edge of the input aperture. The length of the leg (con- 
ventionally measured on the face of the core) is unimportant, since 
the cross-sectional area is the factor which determines the switching 
flux of any flux path passing through leg 11. The cross-sectional area, 
at any point, of any flux path including leg /1 is kept at least as great 
as U1. All legs (/1, 12, 13, and 14) are made equal. 

All of the flux paths possible in this form of the MMA pass through 
two of these legs, and are designated by such symbols as /1-12 and 13-/4. 
The precise connecting paths taken between the two legs by a given 
flux path are determined by the geometry of the individual core, and 
are not significant to an explanation of basic MMA operation. In 
Figs. 31.3, 31.4, 31.5, and 31.7, each of the arrows at the four leg loca- 
tions indicates the direction of flux through one leg, and represents the 
quantity of flux necessary to saturate that leg. With the exception of 
Fig. 31.3, the arrows indicate saturated flux paths about the minor 
apertures. 

Effect of Geometry on Flux Paths. The subject of core geometry 
is extremely important in MMA design, both in its effect on switching 
characteristics (as explained below) and in many possible varieties of 
core shapes for logic functions (as described in Section 31.8). The 
MAD shown in Fig. 31.1 is typical functionally, but not physically. 
Figure 31.2 shows, for two typical MADs, the shapes necessary for the 
proper operation of the circuits to be discussed. For simplicity, the 
remaining figures in this chapter do not necessarily show optimum 
shaping. 

Elementary toroidal cores with several minor apertures generally do 
not exhibit characteristics ideally suited for use in multiaperture 
circuits. The major inadequacy of these cores is that not all of the 
magnetic material is saturated, even with intense drive currents. 
Consequently, some reverse domains remain in what is otherwise a 
major remanent flux state of the device, causing parts of the core 
to operate on minor loops. The existence of these domains results in a 
rounding off of the @ versus F curve, permitting considerable switching 
below the threshold. In a more optimum MAD shape, all flux paths 
have a uniform and equal cross-sectional area. In addition, the diam- 

eter of the major aperture is much greater (than that of the MAD in 
Tig. 31.1) relative to the outside diameter of the MAD, thereby pro- 
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(a) (b) 


FIG. 31.2. Typical MAD geometry, shown approximately four times actual size. 
(a) Negate MAD. (6) Shifting MAD. 


viding a higher ratio in the switching thresholds of the magnetic paths 
surrounding the major and minor apertures. if 

Clear State. The reference state for the MMA is the clear sla 
(Fig. 31.3). The MAD in the figure is in the clear state; the flux is in ) 
clockwise direction, as a result of the application of clear current J¢ to 
the clear winding. (The clear state and the zrRo state, defined 
Chapter 7, are physically identical, although representing differen’ 
data states and occurring at different times.) The minor apert 
disrupt the field of the major toroid, essentially producing two con 
centric flux paths, 11-14 and 12-13. A current applied to the right-han 
winding does not effect a flux change about the output aperture, 
the mmf required to reach the switching threshold of the two switel 
able flux paths present (12-14, l1-l4) is beyond that attained by th 





FIG, 31.3. Flux configuration clear state (zuRo state). 
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applied current. The smaller path (13-14) is not switchable from the 
minor aperture because the path is saturated in both directions. 

The normal operating cycle for the MMA consists of successive clear, 
write, and read actions. (More reads are possible, before the next 
clear, in a nondestructive read mode, such as is used in the circuit of 
Fig. 31.21.) The operation of the MMA can best be understood by 
first examining the read action, since the flux changes involved with 
read closely approximate the flux changes in a standard, single-aper- 
ture, square-loop magnetic core. 

Read. The MAD is placed in the set state (or on state) when by 
some means (to be described) flux is directed clockwise about the out- 
put aperture (Fig. 31.4). The magnetic material extending radially 


FIG. 31.4. Flux configuration set state (oNE state), output aperture only. 


from the aperture to a distance equal to the width of 13 (or 14) in effect 
becomes a toroidal magnetic core in itself, and may be considered 
functionally independent of the remaining portion of the MAD. This 
minor toroid is called the output toroid. 

For simplicity, only the output aperture is considered during the 
explanation of read. In the typical MMA system, read current Jo is 
applied to the transfer loop between a pair of MADs in such a way that 
Zo is split into branch currents J; (through the output winding of the 
transmitting MAD) and J. (through the input winding of the receiving 
MAD). Thus, J; is effectively the read current, and J, the write 
current. During read ons, J, is enhanced as a result of the flux 
change of the onz output and a onz is transferred; during read ZERO, Io 
is not enhanced and is insufficient in amplitude to produce transfer. 
The details of this transfer loop function are described in Section 31.2. 
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At read time, branch current J; is directed into the lower end of the 
output/read winding, and, when a ONE is stored, the saturated flux 
path in the toroid is switched by the mmf applied. An output voltage 
(read ONE) appears across the output/read winding. (The use of this 
winding is described below, in its relation to the basic MMA transfer 
loop.) The MAD is considered to be mmf amplitude-sensitive only; 
sufficient time is allowed for the applied mmf to complete switching. 
The magnetic material around the output aperture behaves like an 
individual square-loop toroidal core during read ONE. Therefore, the 


FIG. 31.5. Flux configuration interim state, output aperture only. 


switching threshold of the output toroid places a lower limit on the 
amplitude of J;. When switching is complete, the MAD is said t 
be in the interim state (Fig. 31.5); the MAD must be cleared before 
subsequent write. 

The flux change locally effected around the output aperture by re 
represents that portion of flux which can be alternately switched to 
excite an output load without significantly altering the amount of flu 
representing the data stored in the device by write. The MAD is no’ 
cleared by read, and read is therefore inherently nondestructive. 
restore pulse following read can be used to prepare the MAD for 
second read of the same data. The restore pulse is initiated by a sy: 
tem clock driver, as a current of J; magnitude, but of opposite polarity, 
If the MAD is in the zmro (or clear) state, the restore pulse has n 
effect. In the MMA applications in this chapter, read is follow 
unconditionally by clear, to eliminate the interim state and prepare t 
MAD for subsequent write. 

Read zERo is performed in the same fashion as read ONB: I 
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applied to the output/read winding, but no appreciable flux is switched 
and no significant output voltage occurs. However, this read axno 
1s In contrast to the read zuRo of the simple square-loop toroid, whe 

the storage element is already in the magnetic state which redid att 
tends to produce. The zpRo state in the MAD element is physicall 

identical to the clear state; when J, is applied to the element. the mee 
which I, tends to produce is not present, but no flux change fe ontibls 
since legs /3 and /4 (Fig. 31.1) are oppositely saturated with respect t 

the flux path needed to produce the interim state. The output a : 
ture is thus said to be blocked when read zERo occurs. ; ca 





Read | Write 
——- | 


FIG. 31.6. Typical MAD hysteresis loop. 


If I; is too large when the output aperture is blocked, flux is switched 
about Path 12-14, producing a large erroneous output. Therefore 
the switching threshold of the saturated 12-14 path places an upper dinait 
on the amplitude of I;. The diameter of the major aperture is made 
large relative to the diameter of the minor aperture, resulting in a high 
ratio between the switching threshold of the saturated 12-l4 and B14 
flux paths. Branch current J, is then able to comfortably switch flux 
about the output aperture during read onE without approaching th 
12-14 threshold during read zero. With the thresholds of 12-4 and 
12-I4 indicated respectively as F, and F’; on the hysteresis loop in Fi 
31.6, the mmf of J; must be greater than F', but less than F’; Read 
ZERO causes 12-14 to follow the path VWV on the dotted hasteventa loo 
effecting a relatively small flux change, while read onz causes 13-14 eh 
follow the path VXY, producing a relatively large flux change. For 
Hie) aNehgt may be considered to be stored in 13; the direotion of 
. “ era bes to read determines whether a oN® or a ZERO is 


An important characteristic of the MAD is that read is restricted to 


ill 
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the minor toroid surrounding the output aperture, and therefore does 
not affect the flux state of the remainder of the device. The effective- 
ness of this isolation is increased by higher F3/F, ratios, which are, in 
turn, directly related to toroid diameters. The isolation property of 
the output aperture has three principal implications: efficient informa- 
tion transfer is possible without the use of unilateral devices such as 
diodes; a number of output apertures may be used to obtain individual 
and isolated outputs; and alternately directed mmf’s may be applied to 
enable the stored information to be read repeatedly until the MMA is ! 
in cleared by the application of clear current. 

Wile. A bit of data is written into a cleared MMA by the use of 
the input aperture. Since the zero and clear states are physically 


FIG. 31.7. Flux configuration set state (onE state), both minor apertures. . 
identical, no input mmf is required to write a ZERO into a cle 
element. To write a onE, branch current [2 (representing eit 
information or fixed data) is applied to the input winding (Fig. 31, | 
The amplitude of J» is sufficient to exceed the switching threshold | 
path 11-13. As this threshold is exceeded, flux is directed around pa 
13-14 and 11-2 to replace the flux pattern in paths /1-/4 and /2-I3. 
upward-directed flux in /3 represents a ONE. Pith 

The mmf necessary to exceed the threshold of U-13 is indicated in 
loop of Fig. 31.6 as Fz. (A single hysteresis loop diagram suffices 
both read and write, since by symmetry any aperture may be used 
either input or output.) The J, input causes the flux in 11 to awit 
(YZV) at the same time a corresponding flux switches in 13, After 
MAD has thus been set to the one state by J, additional mmf 
input aperture does not affect the flux in path 13-14 since flux is 
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able only about the input aperture. Moreover, this isolation property 
is exhibited even if the input current is reversed. Thus, a number of 
input apertures may be used, in effect storing ored inputs in /3. 

Read is associated with the low-threshold hysteresis loop, and is a 
function of the output toroid; write is associated with the high- 
threshold hysteresis loop, and is a function of the path [1-13. 

With the exception of saturated paths 11-/4 and 12-13 (the clear state) 
no closed flux paths are permitted to remain around the major toroid 
in the modes of operation to be described. The hysteresis character- 
istics of the MAD in these modes of operation are such that switching 
occurs about path /2-/4 only during erroneous overdriving by the read 
current (avoided by proper design except for the case discussed in 
Section 31.5), and about path 11-/3 only during write. Exceeding the 
threshold of either of these transitional paths leads to the formation of 
isolated saturated paths at both J1-l2 and 13-14. 

The MMA can also be used to form an elegant analog storage device, 
since input and output flux changes are equal, and flux changes of any 
value less than saturation are possible. Such a device may be oper- 
ated in nondestructive read modes. 

Basic MMA Cycle. The sequence of action in the basic MMA 
cycle (Table 31.1) is write, read, and clear. In the table, the flux 
states of the four legs in each step of the cycle are indicated by arrows. 
The double arrows represent fluxes which are switched during the 


Table 31.1. Successive ONE and ZERO Operating Cycles, 
Isolated MAD Element 


Input Aperture Output Aperture 








Applied 

Operation Current State al 12 13 14 
Clear Te Clear tT T Il I 
Write onE Te Set (onE) i T T al 
Read onE I; Interim 4. ‘i J tT 
Clear Ic Clear tT tT 1 | 
Write zERo -— Clear (zERO) tT T a 1 
Read zrRo I, Clear (zERO) tT T 1 1 
Clear I¢ Clear t T 1 1 





designated steps in the cycle. The changes indicated describe the 
cycle for an isolated MMA; the interactions of groups of MMAs result 
in modifications to this cycle. 
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31.2 Basic Transfer Loop 


The loop of wire linking output/read windings of one or more MADs 
with input windings of one or more adjacent MADs, and also with a 
clock pulse source, is called a transfer loop. When a group of MMAs 
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N1 = output winding I, = clear current 

N2 = input winding X = no voltage induced 
I, = output branch current J, | = flux not switched dur- 
Ie = input branch current ing period indicated 


T, || = flux switched during 


Io = read current ritek 
period indicated 


I+]: = Io 
FIG. 31.8. Two-core-per-bit MMA shift register. 


are thus linked together to form a chain, such that each MMA is 
receiving data from, or transmitting data to, an adjacent MMA, the 
resulting flux patterns are different from the patterns described for the 
isolated MMA. This variation is caused during the clear operation 
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by the coupling of voltages through the transfer loop in the forward 
direction; a flux change occurs about the input aperture of the receiv- 
ing MAD, upon clearing the transmitting MAD, but no adverse effects 
result, because the input aperture is isolated from the output aperture. 

A chain of MMAs representing a four-core section of a shift register 
is shown in Fig. 31.8. The configuration is analogous to a conventional 
two-core-per-bit shift register (Chapter 10) since the cores, in them- 
selves, are the only storage elements involved. Thus, for each core 
transmitting data, there must be a cleared core available to receive 
data, and, alternately, each core previously transmitting data must be 
available to receive. Thus, it is convenient to consider all cores to be 
divided into two groups, labeled A and B, with a read line linking all 
of the cores of each group in series. The drive pulses (of current J) 
are accordingly labeled Jo4 and Jog; likewise, the clear pulses (of 
current Ic) are Ica and Icg. These circuits are interconnected so 
that, during clock time ¢, the B cores are cleared; during to, data are 
transferred from the A cores; during t3, the A cores are cleared; and 
during t, the B cores transfer data to the A cores. 

It is assumed that the first A core in Fig. 31.8 stores a on» (flux in 13 
up) and that the B cores are cleared. (Again, the double arrows indi- 
cate fluxes which are switched during the control periods indicated.) 
The clear B phase (t;) is taken as the reference. Current J,, passing 
through output winding N1 of core A at ts, causes the flux to switch 
about the output aperture of core A (read onE). This action produces 
a counter emf which steers the remaining branch current J. (where 
Ip > J, and I; + Iz = Jo) through input winding N2, applying an 
mmf to the input aperture of core B (write OnE). The indicated flux 
patterns are thus far identical to those presented in the discussion of 
the output and input apertures (Section 31.1). 

It is implied in Fig. 31.6 that F; > 1;N, > F, and that I2N. > Fo. 
With the two apertures tightly coupled, Ni(d¢4/dt) = No(d¢,/dt) as a 
function of time (or N;@, = N.2®;), neglecting losses inherent in the 
wire impedance. Thus /4 and /1 must switch in the ratio ©, /P4 = 
N,/N2, enabling branch currents J; and J, to become adjusted accord- 
ing to the branch loads. (Section 31.5 describes successful operation 
with N; = Nz.) Since only leg 13 of the output aperture of core B 
switches, no output voltage is induced across winding N1. 

With the data now stored in the second B core, the first A core is 
cleared by the ts pulse so that the core is ready to receive data at some 
later time. The clear operation causes the flux to switch in /4 of the 
output aperture, producing a current in the transfer loop. This cur- 
rent, in turn, produces an mmf which switches the flux locally about 
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the input aperture of core B without affecting the flux state about the 
output aperture, as previously discussed. Neither the Zo nor the 
Ica pulses cause any voltages to be induced in the output of core B 
(indicated by the crosses opposite the output winding of B), since the 
direction of flux in [4 is unchanged. Thus, the need for the usual 
series diode (as is the case for the single-diode loop described in Chapter 
8) is eliminated. 

The Joz pulse transfers the onz stored in core B to the second A core. 
The B core is cleared by means of the Ics pulse, which similarly causes 
the current in the output loop to switch the flux about the succeeding 
A core input aperture. Neither the Jos nor Jcg pulses cause any 
voltages to be induced across the input winding of core B. (In the 
single-diode loop of Chapter 8, reverse transfer is reduced to allowable 
limits by making N2 < Nj.) 

The transfer of a ONE between the first A core and the second B 
core has been discussed; the zero transfer in the same loop is accom= 
plished when the output is blocked, which is the condition in the ZERO 
or cleared state. 

The transfer method described is efficient and fast. Nowhere in 
the circuit is there energy that must be dissipated in resistors or diodes, 
Although the clear operation requires extra time, it may be accom= 
plished with arbitrary rapidity. With this transfer method, 250-k¢ 
data transfer rates are easily achieved. 


31.3 Pulse Biasing 


It has been shown (Section 31.1) that circuit operating margi 
depend upon the threshold ratio F';/F1, and consequently upon t 
toroidal diameters. By using biasing mmf on the transmitting co 
it is possible to improve the F’;/F ratio without changing the diame 
of the MAD. By using biasing mmf on the receiving core, it is 
sible to control F, in an advantageous manner. If both transmit 
and receiver biases are produced by the drive current, improved cire 
operation results. These three biasing techniques are described. 

Transmitter Bias. With transmitter bias mmf, it is possible 
increase the effective value of F’; to F3' (Fig. 31.10) without affeeti 
F;. As shown in Fig. 31.9, Fas = Naslas, where Nap is the turna 
value of transmitter bias winding N AB, and I 4, is the transmitter b 
current. Biasing a core has the same effect, when properly ph 
as increasing the threshold of the core, and thereby increasing 
mmf difference ’3 — F; to F3’ — F. 

A core may also be cleared by means of a continuous bias as well 
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pulsed bias. To avoid this, the value of the continuous bias is limited 
so that F » < F3. Because the bias mmf does not link the path bout 
the output aperture, the value of F, is essentially unaffected. The 
greater the difference mmf, the higher the switching speed and number 
of receiving cores controllable from a single transmitting core. 





FIG. 31.9. Transfer loop, showing transmitter bias. 


$ 























Ff,’ 


FIG. 31.10. Hysteresis loop showing increase in major toroid threshold by use of 
transmitter bias. 


Receiver Bias. It has been previously indicated (Sec. 31.1) that, 
for a zERO transfer, the drive current Jo splits into branch currents J 1 
and J, to bring the A and B cores to operating thresholds F3 and Fo. 
The drive current tends to split according to the values set by the 
inherent branch resistance and saturation inductance. The drive 
current split is highly self-regulating in MMA circuits, since the cores 
are tightly coupled. However, for best operation, it is desirable that 
these parameters be controlled so that the branch time constants are 
essentially equal (Li/R, = L2/R2). In this way, drive current J 
splits without undesired overshoots into the branch currents 7; and 
Ty, where J;/Ig = Ri/Ry. Because of the self-regulating properties 
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associated with tight coupling, the tolerances of R; and R2 need not be 


too closely controlled. tn 

In more complicated loops, however, it is desirable to have additional 
control over current division. For example, in Fig. 31.11, an or 
circuit (Section 31.8) is shown in which the outputs of three cores are 





FIG. 31.11. oRed transfer loop, showing receiver bias. 


coupled to one core. Since the left branch circuit contains three 
series windings, the branch resistance and inductance increase 10 


3R, and 3L;. Although this increase does not disturb the branch time 
constants, it adversely affects the ratio of branch resistances, causing, 


branch current J, to become too large during a zERO transfer. Hows 


ever, with receiver bias, this disturbance can be circumvented, 
shown in the figure, receiver bias mmf (Fan = Neasl pp) tends to e 
the core, increasing the effective threshold of the core. This 
bias enables the circuit to be more easily controlled, so that the 
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current split is acceptable. (The value of the unbalanced branch 
currents I, and J, can be properly selected to enable both cores to 
reach effective thresholds.) For transmitter bias, the value is limited 
to F3. By contrast, the pulse receiver bias can be of any magnitude, 
if the receiving core is in the clear state, or if the input aperture is 
saturated. In general, receiver bias provides a free parameter for 
satisfying coupling loop relations. 

Compatible Bias. Where possible, it is desirable to use the drive 
current for pulse biasing (compatible bias) to reduce the number of 
sources required and to ensure coincidence between the application of 
read current and bias. This technique enables the effective thresholds 
to move with the drive current amplitudes. Pulse biasing is necessary 
especially when the receiver bias is greater than the /1-/3 (F 3) threshold, 
since, in some logic circuits (Section 31.8), the recelving core may 
already be in the set condition. Thus, any untimely bias, if sufficiently 
high, can clear the core. Therefore, only certain combinations of 
winding values N;, No, Nas, and Ngz are usable. A set of turns such 
as 5, 5, 1, and 1, is acceptable, since F4z < F3. In this example 


NiZt < Fy = Fat Nanle (31.1) 
From this equation, 
Fs 
Faz = Naglo < ——--—_ 31.2 
AB ABLO (N1/2N 4p) _ 1 ( ) 


Consequently, for this example, Fag = 2F3. 

The main advantage of compatible bias is the increased drive current 
range from the moving thresholds when the bias is obtained from the 
drive current. Equation 31.1 indicates that the effective transmitter 
threshold F'3’ is a function of drive current Jo. Similar relations also 
apply for the receiver threshold. For example, a comparison can be 
made for the cases shown in Fig. 31.12, where, in one arrangement, a 
fixed bias of $/’3 is used, and in another, a compatible bias of the same 
amount is used. In both cases, the nominal value of drive current 
Io = $F3. However, if the drive current changes by 1 — p, where p 
is a decimal fraction, then the net mmf acting on the transmitting core 
F'4z and receiving core F'zz (the subscript Z is used since the mmf applies 
to a ZERO transfer wherein no switching takes place) will change by $p 
with a fixed bias, and by p with a compatible bias. Thus, the operable 
range of drive current is improved. 

The operable drive current range may be further improved if the 
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ratio of threshold change to drive current change is increased. This 
requires more turns on the bias windings, as indicated in the con- 
figuration of Fig. 31.12c, which shows the number of bias turns to be 
doubled. Thus, for the same drive current, this method leads to a 
change in the net bias mmf of $F'3; however, half of this amount is elimi- 
nated by a d-c bias of $/'3 in the opposite direction. Consequently, 
with a tolerance-free d-c bias, the normalized change in mmf would be 
3p, thereby effecting a further improvement in the operable drive 
current range. 

The three circuits shown in Fig. 31.12 are nominally similar, as they 
require identical drive currents and net bias mmfs. However, the 
three circuits differ with respect to sensitivity to changes in drive 
current. For example, in the circuit of Fig. 31.12c, there is a 5:1 
improvement in drive current range over that of Fig. 31.12a. The d-c 
current source, which is more easily regulated than a pulse current 
source, may be applied to the existing clear winding. 


31.4 Basic Design Equations 


Since the MMA technique represents a development still in its 
infancy, it is not appropriate to describe a thoroughgoing circuit design 
procedure. Instead, generally applicable equations are presented in an 
order, and of a form, which may be found useful to circuit design 
study. The design approach outlined is consistent with the circuit 
concepts presented in Chapters 4 and 5. Equations are given for ONE 
transfer and for zmRo transfer. 

ONE Transfer. The diagram of a circuit prepared to transfer a 
ONE is shown in Fig. 31.13. Initially, core A is in the onE state and 
core B is in the zERo state. The lumped resistances R; and R, repre- 
sent the resistances of the wires in the two branches of the circuit. 

The loop equation for the circuit is written in terms of flux-turns, and 
satisfies the first basic relationship 2N& = 0. Thus, 


Nib, = nNoh; + (L20R2 — TioR1)T 4 (31.3) 


The factor n in the equation accommodates the case in which it is 
desired to permit additional cores to be switched by the same trans- 
mitting core; 7'4 represents the switching time of core A; and fluxes 
®; and %, are the switching fluxes of legs 1/1 and 14. The branch cur- 
rent symbols include a subscript O since these currents apply during 
ON» transfer. The coupling or N@ losses are a function of the branch 
resistances, which are generally negligible. Discounting the loss 
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terms, the result can be given as 


M 


= 31.4 
Newiinle ea 


(Section 31.5 discusses a means for overcoming the N®@ losses.) 
A node equation in terms of mmf is written for each core, satisfying 
2NI = 0 (Chapter 5): 


Nilio = Fy (31.5) 
Noloo > F2 + Neslo (31.6) 


These equations determine the lower limit of the drive current. Equa- 
tion 31.5 is written for core A, and eq. 31.6 for core B. These equa- — 
tions can also be written in terms of a loop transfer superimposed on — 





FIG. 31.13. Transfer loop, ONE transfer. ' 
the branch currents which flow during a zero transfer, as is done in 
Chapter 8. 

Transmitter bias in no way affects either the equations for a ONH 
transfer or the equations for a zERo transfer, if the magnitude of the — 
bias is properly chosen (Section 31.3). 

zero Transfer. Ideally, no flux change takes place during the 
zeRO transfer; only the mmf relationships for the two cores of Pig, 
31.13 are of importance. The effects of saturation inductance are 
neglected in this case. Thus, h 


Niliz < F3 + Nazlo 
Noloz < F2 + Naslo 
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These equations determine the upper limit of the drive current. 
Equation 31.7 is written for core A and eq. 31.8 for core B. The 
branch current symbols include a subscript Z since these currents apply 
during zERo transfer. In this case, the branch currents divide in 
accordance with the relative branch resistances. 


31.5 Unity Turns Ratio 


Coupling loop losses, although small in magnitude, are undesirable. 
They can be overcome by the presence of a small amount of switchable 
flux made available in the MAD but not provided by the input. A 
hypothesis is offered for this effect. 

Input-Output Flux Difference. The flux ©, switched by the output 
winding may be larger than the flux @; switched by the input winding.® 








FIG. 31.14. Write hysteresis loop (leg 3), showing nonsquareness effects. 


This flux difference is called 6*. The &* phenomenon is considered to 
be related to the deviation from ideal rectangularity of the minor 
hysteresis loop. This property is discussed in detail in the literature.® 
The flux in 11, and consequently in /3, is not switched completely by the 
input, because of this deviation and also because of the limited switch- 
ing mmf provided by the transfer loop, as shown in Fig. 31.14. During 
a write ONE, the applied mmf is greater than for a write zERO, and 
extends into the threshold region of the major 11-13 hysteresis loop. 
The write oNE mmf is not constant during the transfer period. For 
simplicity, it may be assumed that the effective value of this mmf is as 
shown in Fig. 31.14, so that leg 11 (and therefore 13) is not fully 
switched. Consequently, /1 is left at the point marked 1’ (which may 
actually be very close to 1). 

Because saturation is incomplete in /3 and complete in /4 (assured by 
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the large mmf provided by a current driver in the clear operation, 
Section 31.1), more flux is available for switching in /4 than is available 
for switching in 1/3. This lesser flux in /3 is considered to represent a 
stored ONE. The flux in excess of that which is considered stored in 
13, and which is switched by /4, is called *. The flux is switched about 
the major aperture along path (2-14, and may be considered equivalent 
to an additional write flux (13). The switching threshold about the 
major toroid is reduced because of the partially saturated flux state 
resulting from a reduced input. The * read flux and the nonsaturat- 
ing input or write flux both switch about the major toroid in the same 
direction. Thus, because of the reduced threshold, a read mmf 
(which ordinarily is too small to switch flux about the major aperture 
in a well-cleared MAD) can switch a limited amount of flux about the 
major aperture in a partially set MAD. A significant amount of 
additional switching flux may be provided in this way. For example, 
for low portions of flux switched in /4, 6* may be as much as 40 per 
cent of the actual flux switched during read. 

Single-Turn Operation. Since more flux is made available by the 
MAD for an output than is required for an input, and since the cou- 
pling losses are small, it is possible to transfer data by means of a 
transfer loop with a turns ratio of unity. Single-turn operation is a 
special application of the unity turns ratio design. This type of cou- 
pling is of special interest, as it permits more economical fabrication. 


31.6 Circuit Evaluation 


During the early research phase of the MAD development, various 
techniques were evolved for describing circuit behavior in order to 
critically evaluate transfer circuits. One such technique is the use of 
a gain equation to plot the factors effecting transfer. Using varying 
drive currents, a plot can be made which determines the discrimination 
ratio and range of operation. 

Gain Equations. To obtain a valid evaluation of a transfer circuit, 
some significant parameter representing one complete cycle of data 
transfer must be compared at two adjoining cores; the flux in [4 is” 
chosen for this application. The gain can then be expressed as the 
ratio of the flux received to the flux transmitted. Thus, 


qs b4(n+1) 


Pan) 
or. 


G me Pi(n+1) aE bbn41) 
Pan) 
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The subscripts (n) and (n + 1) may be dropped without confusion, 
since it is assumed that the transmitting and receiving cores are iden- 
tical. From Section 31.5, ¢4 = $3 + ¢* and ¢3 = $1; consequently, 
os = o1 + $*. 

The loop expression of eq. 31.3, with slight modification, is sub- 
stituted in eq. 31.10 by eliminating the ratio 1/4. Thus, 

Gra poe “s o* _ (N ¢)toss 
No $4 Noda 

where the resistance term is (N@)ios- The decimal fraction p is 
included to account for the fact that not quite all of the ®, flux is 


(381.11) 
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FIG. 31.15. Gain versus flux. 


switched by a reasonably short drive pulse; MADs made of certain 
materials switch faster when large fractions of @, are switched than 
when small fractions of 64 are switched. If the drive pulse is short 
enough, then, and if ¢4 is not too far from the maximum switching 
flux, switching is nearly complete. However, if ¢4 is small compared 
to the maximum switching flux, only part of the available flux switches 
by the time the drive is completed. 

A plot of the gain curve with unity turns ratio assumed is shown in 
Fig. 31.15. The individual gain terms are also plotted to provide a 
better understanding of the transfer process. Because of the non- 
squareness ratio of the material, a small flux change ¢z is effected 
for read zmRo; a much larger flux change gy (not quite fully reaching 
saturation) takes place for read onr. 


The gain curve of Fig, 31.15 may be applied to a number of series- 
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operated circuits to represent a composite of the many contributing 
single transfer curves. Thus, the MAD, when considered in this — 
manner (and by recognizing the existence of the negative-slope inter- 
cept at unity gain), closely approximates a bistable operating device. 
For example, if some additional flux is inserted into a core containing a — 
zERO such that this flux causes the next shift operation to transfer the 
flux 2’, then the succeeding core receives a flux smaller than ¢z’ but 
possibly larger than ¢z, depending upon the actual operating condi- 
tions, since the gain is less than unity. This newly received flux, — 
being slightly larger than ¢z, produces a net loss during the next or 
succeeding transfers until ¢z is again reached. This action causes any 
flux state to eventually revert to one of two stable states, depending 
upon which side of the intermediate unity intercept ¢r the disturbed 
flux state islocated. As the number of transfers increases, the lower is — 
the probability that the disturbed flux state will fall in the region of 
the composite ¢7. In the practical application, very few shifts are 
required to discriminate against moderate flux noises, and systems are 
designed to permit only a limited amount of noise. ‘ 

Discrimination Ratio. A useful figure of merit for evaluating differ- 
ent core designs is the discrimination ratio, which decreases as drive 


Gain G 





[Fic. 31.16. Gain versus flux for various settings of drive current. 


current is increased. Discrimination ratios greater than 20/1 are 
common. The effect of varying drive current on the gain curve in 
shown in Fig. 31.16. Increases in drive current increase the amoun 
of flux transferred to the receiving core for any flux level; consequent 
the loop gain curve is effectively raised, as shown for / 0, W 
Ip’ > Ip. Both the upper and lower unity gain points appear at 
higher flux levels ¢z and ¢v’. { 
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Drive Current Range. As shown in Fig. 31.16, the drive current 
range cannot be raised above J)’’ without causing data loss. Any 
increase in drive current beyond J)’’ may cause the flux states of all 
cores to revert to the upper flux level, or the OnE state. Similarly, 
any decrease in the drive current range below J9’"’ may cause the flux 
states of the cores to revert to the lower flux level, or the zERo state. 
The range of operation in per cent is 

To — I” 
R= + ii 100 
Drive current ranges of better than +20 per cent are common in 
simple shift registers. 


(31.12) 


31.7 Shifting Applications 


Thus far, only a core having a single input aperture and a single 
output aperture has been considered, although it was shown in Sec- 
tion 31.1 that a core with more than one input and one output aperture 





(a) 





FIG. 31.17. Flux configurations, eight-aperture MAD. 
state (ONE) state. (c) Interim state. 


(a) Clear state. 


(b) Set 


is possible. A device with eight apertures is illustrated, in the clear 
state, in Fig. 31.17a. Since any aperture may be used either as an 
input or an output, the device can be set from any aperture. For 
example, in Fig. 31.17b the device is considered set from aperture 2. 
Flux changes about this aperture do not link any of the other windings. 
The output apertures are likewise independent. For example, in 
Fig. 31.17¢ the core is read at aperture 6. Again, any flux changes 
about the aperture do not link any of the other windings. (The other 
apertures may be subsequently used for data transmission as well.) 

Multiple input and output apertures can be used in a number of 
shifting applications, such as reversible shift registers and multi- 
dimensional registers. 
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Bidirectional Shift Register. The simple shift register of Fig. 31.8 
may be extended to the shifting of data in the reverse direction, as 
shown in Fig. 31.18. Two separate and independent sets of transfer 
and drive lines are shown with four small apertures per core. How- 
ever, only one set of clear lines is required. 

Each output aperture is linked by a winding N1, which is coupled 
by means of a transfer loop to an input winding N2 of either the core 
to the right or the core to the left, depending upon the associated shift 
line. Clear lines are used for both right and left shifting by the proper — 





FIG. 31.18. Bidirectional shift register. 


sequencing of the drive lines. Thus, for shifting to the right, the con« 
trol lines are activated in the sequence oar, Ica, Jose, Ice * * * y 
and shifting to the left is accomplished in the sequence Jor, /ea, 
Iont, Icn «+ * . Because of the inherent isolation between apertur 
right shifting is not affected by the presence of the left-shifting loops, 
and vice versa. 

The bidirectional register just presented is an extension of the simph 
unidirectional register of Fig. 31.8. Another bidirectional register 
employs three small apertures per device, as illustrated schematically 
in Fig. 31.19. The basic MAD is shown as a circle with connecting, 
- lines representing transfer loops. Arrowheads represent input apere 
tures and dots represent output apertures. For simplicity, no refer 
ence to timing has been indicated. The direction of transfer is a funds 
tion of the driver sequencing to the even-numbered MADs only, sinaé 
the odd-numbered MADs shift in but one direction. ¥ 

As discussed in Section 31.5, designs with turns ratios equal to I 
possible. For this case, a single transfer loop may be used for shif 
in both forward and backward directions. <A bidirectional re 
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using only two minor apertures per element is thereby possible, the 
direction of shifting being determined by the sequencing of the drive 
pulses. 

Parallel read/write options are also possible with all of these registers 
by the use of additional apertures and drive lines. 


T1 T3 T5 


T2 T4 T6 


FIG. 31.19. Bilateral shift register with three-aperture elements. 


Multidimensional Shift Register. The combination of the features 
suggested in Fig. 31.19 with a parallel read and write operation mode 
leads to the formation of a multidimensional shift register. .The 
horizontal shifting paths are shown in Fig. 31.20a, and the vertical 
shifting paths in Fig. 31.20b. When these paths are combined (Fig. 
31.20c), a two-dimensional register results. Again, the choice of 





TI; T3 T1 T3 T1 T3 
NN 
T4 T2 T4 TA 
T5 dis T5 T7 
NN 5 SS 
T% 3 T8 
(a) (b) . (c) 


FIG. 31.20. Multidimensional shift register, showing (a) horizontal shifting, (b) ver- 
tical shifting, and (c) bidirectional shifting. 


direction is made only at the even-numbered cores. By extending this 
approach, to obtain different shifting dimensions, n + 1 apertures are 
required for each core. In the odd-numbered cores, there are n input 
apertures and one output aperture; in the even-numbered cores, the 
reverse is true. vival 
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One-Bit Memory Cell. In level logic systems, it is often necessary 
to store a single bit of data by means of flip-flops. In pulse logic sys- 
tems, the basic memory cell may be thought of as a single stage of an 
end-around shift register. A single stage (composed of two cores) of 
an end-around, unidirectional shift register may be identical to a single 
stage of a bidirectional shift register, and is the basic element used to 
store one bit of data. 

Indicators. It is sometimes desirable to have a visual indication 
of the contents of shift registers. Although this feature is generally 


ye Indicator 





FIG. 31.21. 
Clear state. 


Flux configurations, indicator lamp excited by carrier current. (a) 
(b) Set state (oNnzE state). 


not possible with conventional magnetic-core shift-register elements, 
such an indication can be accomplished with the MAD. For example, 
an indicator lamp (Fig. 31.21) may be added to the output aperture of a 
core and excited by a carrier winding. The amplitude of the carrie 
current must be limited in value, so that the flux does not switch abou 
the central aperture, but merely switches locally about the outpu 
aperture. In this way, the state of the core is sensed nondestructively 
The amount of flux available for local switching depends upon t 
state of the core. In the zERo state, no flux is available for loc 
switching. Since there is no voltage induced in the lamp circuit, t 
lamp remains extinguished. In the one state, relatively large amoun 
of flux are available for local switching; thus, a voltage is induced in thé 
lamp circuit, and the lamp glows. 

The presence of the carrier may affect the transfer properties of thé 
circuit. If these effects are serious, the carrier may be de-energized 
during normal circuit operation, and then re-energized to inspect t 
register content. However, with a high-frequency (1-me) carrier, it 
possible to leave the carrier excited continuously with negligi 
effects. In this way, continuous data monitoring is possible. 
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thermore, with a carrier operating at this high-frequency range, it is 
possible to operate low-voltage incandescent lamps with single-turn 
windings. 


31.8 Logic Applications 


Most of the magnetic-core devices of Parts II, III, IV, and VI make 
use of intercore wiring techniques to implement basic logic functions. 
This method may also be used with the MAD; however, it is found 





FIG. 31.22. 


Wired or (a) and Anp (b) circuits. 


convenient to use a second type of core for performing the Nor func- 
tion. In addition, many specially shaped cores may be devised 
wherein (and apart from the intercore wiring) the logic functions may 
be implemented. 

Wired or and And Elements. Two frequently used logic functions 
are the or and AND functions (Chapter 7). These logic functions are 
shown implemented in wired MAD configurations in Fig. 31.22. In 
the or function of Fig. 31.22a, either T1 or T2, or both, is capable of 
writing a ONE in 73, thus oring the inputs. Information may also be 
ored from separate loops by the use of separate input apertures. 

In the anp circuit of Fig. 31.22b, several output windings are paral- 
leled in the same transfer loop. Thus, the absence of a physical output 
in any one of the transmitting cores short circuits the other cores, 
thereby preventing the other cores from effecting a transfer to 7'3. 
Core 73 receives a ONE only when all of the transmitting cores are 
reading ONEs. 

Multiple inputs to or and anp circuits reduce the zmRo-to-onn 
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transfer mmf ratio. Further, extra wire losses are introduced into the 
branch circuits, causing second-order effects which prevent large 
numbers of inputs from being ored and aNped. However, or and 
AND circuits with several inputs are possible. 


Some appropriate Hold bias 


geometry 





(a) (0) 


Hold bias Hold bias 





(c) (d) 


FIG. 31.23. Flux configurations, basic MAD geometry modified to implement N 
function. (a), (b) Clear states. (c) Set state. (d) Clear state, showing ime 


proved geometry. j 


not Element. To perform the Nor function, a special modification 
of the basic MAD is required, of the general form indicated in Wig, 
31.23a. As shown in the figure, the device is in the clear state aa 
result of the application of current to the clear winding. The input 
side of the configuration is identical to the input of the basic MAD, i 
that the flux states are switched in the same direction and in the 
manner. The output side, however, is somewhat different, as 
parameters are here dictated by the nature of the logie function 10 
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performed. So that the flux states of the legs comprising the output 
aperture may be controlled by the input aperture, the flux in 73 must 
be directed downward in the clear state, as is the case for the basic 
MAD. However, to permit switching about the output aperture in a 
core storing a ZERO (where the flux state of 13 is the same as that for 
the clear state), as is required for performing the nor function, the 
flux in /4 must be in the state opposite to that of 13. The output wind- 
ing is reversed so that the read current and the output voltage are in 
the proper direction for providing inputs to the input aperture of the 








D-c hold bias 


FIG. 31.24. Flux configuration of Nor element, showing complementary outputs. 


basic MMA. The interconnecting flux paths, and consequently the 
geometry of the device, must then be designed to provide proper 
matching between the output side and the input side. 

Basically, the central structure of the Nor element takes the form of 
a shunt flux path, as shown in Fig. 31.236. When the device is in the 
clear state, the flux in the shunt path must be directed downward and 
be of two units in magnitude to provide a return path for the flux in 
legs 11 and /2. In the set state, the flux in the shunt path must also 
be directed downward and be two units in magnitude (Fig. 31.23c), 
but now provides a return path for the flux in legs 13 and 14. A hold- 
ing bias is provided during write, since the flux must be switched about 
legs /1 and /3 and not through the shunt. (A d-c bias may be used, 
since the flux is never permitted to switch in the shunt.) 

In the clear state, the material at cross section aa (Fig. 31.23b) is 
not saturated, nor, by symmetry, are the other supporting flux paths 
always saturated, in either the clear state or the set state. The 
presence of unsaturated material is undesirable when the device is 
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considered as a circuit component, except for &*, as noted in Section 
31.5. Therefore, special shaping of the core (in the form of slots, as _ 
shown in Fig. 31.23d) is used to improve circuit operation. 

In the not element described, the asserting and complementing func- — 
tions of the input can both be obtained, as shown in Fig. 31.24. This 
provides a very useful modification to the basic MAD. 

Two-Input Serial Binary Half-Adder. A method for using MAD 
elements in a two-input serial binary half-adder is illustrated in Fig. 
31.25. All references to timing have been omitted for clarity. As in 


8(n) = ab’ va'b 





FIG. 31.25. Two-input serial binary half-adder. 


Section 31.7, functional symbols have been used to facilitate the 
explanation. Inputs are shown by arrows, and outputs by dots. The 
basic MAD element is represented by core T4 and the nor element by 
cores T1, T2, T3, and T5. The anv function indicated by the semi« 
circle symbol represents the AND circuit of Fig. 31.22b. The or funds 
tion in Fig. 31.25 is accomplished by separate inputs to the cores, 
Separate output apertures have been used to establish circuit clarity, 
The operation of the half-adder is as follows: core T3 receives two 
inputs ab’ and a’b which represent the partial sum of the nth bit} 
core 7'4 receives the input ab, which is the partial carry, and delays it 
one timing cycle before transfer to 75 is initiated; core 7'5 then holda 
the partial carry for use with the (n — 1)st bit. 

Geometric Shaping for Logic Applications. Multiaperture-cor 
devices may be constructed so that the flux in the two legs adjoining 
the output aperture can be separately controlled by individual input 
apertures. Such a geometry greatly facilitates the performance of 
logic operations by switching flux. 

In the MMaAs previously discussed, an emphasis is placed upoi 
control of flux in one of the two legs at the output aperture. Of 
four possible flux configurations in the two legs (Fig. 31.26), only 
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configuration can produce an output during read. Read mmf switches 
the flux about the aperture only when the flux path is in the direction 
shown in Fig. 31.26a. Read mmf cannot effect switching in the flux 
configurations shown in Fig. 31.260 and c, as the flux states are in the 
same absolute direction, nor can it effect. switching in the configura- 
tion in Fig. 31.26d, since the flux states are already in the direction in 
which the mmf is tending to switch them. Thus, if two-input logic is 
to be performed, the left leg of the output aperture must be controlled 
by one input and the right leg by the other input. 


Ry ey orp | 
t t t t 


FIG. 31.26. Possible output aperture flux states for two-input logic elements. 





FIG. 31.27. Flux configurations, AnD element. (a) Clear state. (b) Set state. 
(c) Interim state. 


A geometric configuration suited to individual control of flux legs 
at the output is illustrated schematically in the anv configuration in 
Fig. 31.27. In the clear state (Fig. 31.27a), the direction of flux 
about the output aperture is such that read mmf cannot produce 
switching. In this configuration, /1 and (2 are the legs of one input 
aperture, [7 and /8 are the legs of the other input aperture, and legs 
13 and 16 are held at saturation (heavy arrows) by hold bias in wind- 
ings through the adjacent apertures. The output aperture is at the 
geometric center of the MAD. The flux state of legs 14 and 15 must 
be reversed for switching to result at read time. The mmfs produced 
by inputs a and b exceed the switching thresholds of paths 11-14 and 
15-18, respectively. Both inputs must occur to place the MAD in the 
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set state (Fig. 31.27b). The device is shown in the interim state 
(following read) in Fig. 31.27c. 

The INHIBIT element is shown in Fig. 31.28. Only the flux in leg (5 
need be switched to place the output aperture in a switchable state, 
as shown in Fig. 31.286. In this configuration, input a is made to 
inhibit input 6. The interim state is shown in Fig. 31.28c. 





FIG. 31.28. Flux configurations, INHIBIT element. (a) Clear state. (b) Set state. 
(c) Interim state. 





(a) (b) (co) 


' 
FIG. 31.29. Flux configurations, EXCLUSIVE oR element. (a) Clear state. (b) 
Set state. (c) Interim state. 


In the EXCLUSIVE oR element (Fig. 31.29), two output apertures are 
connected so that outputs resulting from flux changes during read are 
ored. The upper aperture produces a’b, in a manner similar to that 
described for the 1nHIBIT element; the lower aperture produces ab’, 
Thus, the ExcLUSIVE oR function is developed by the oring of two 
cross-INHIBITing actions. 
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CHARACTERISTICS 
OF 
COMPONENTS 





This appendix provides an exam- 
ple of the type of data required to 
design workable magnetic circuits. 
The material deals primarily with 
the bobbin-type cores and semi- 
conductor diodes used in the circuits | 
of Part II. The same components 
can also be used in the circuits of 
Parts III, IV, and VI. 
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Switching induction 

D-c threshold mmf 
Switching mmf 
Projected threshold mmf 
Noise threshold mmf 
Switching constant 
Forward current 
Squareness ratio 


Rise time, drive or read current 
Switching time 

Average forward diode voltage 
Switching flux 

(subscript only) Minimum 
value 

(subscript only) Maximum 
value 
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eee CHARACTERISTICS 
OF 
COMPONENTS 


A.1 Core Specification A.2 Diode Specification 


The purpose of the appendix is to provide the design engineer with 
an example of the type of data required to design workable magnetic 
circuits. Often this data is not available and must be measured and 
specified. Few manufacturers are willing to quote maximum and 
minimum design limits for the parameters involved. The designer 
should measure parameters of a representative sample quantity, 
allow an additional tolerance, and then write specifications in terms of 
these limits. 

This appendix deals primarily with the specification of the bobbin- 
tape cores and semiconductor diodes used in the circuits of Part II. 
The same components can also be used in the circuits of Parts III, 
IV, and VI. 

The core specification is based upon Burroughs Corporation core 
types 231-001 and 231-002. The former type uses a ceramic bobbin; 
the latter uses a stainless-steel bobbin. Both cores have a mean 
magnetic path length of 16 mm. The material is ultrathin molyb- 
denum permalloy tape % mil thick and 2 in. wide (1 standard area 
module, or 0.01 mm?/wrap). Approximately 22 wraps of tape are 
required to provide a nominal switching flux ®g of 0.32 uW. Because 
of differences in bobbin wall thickness, windings of wire on the stain- 
less-steel bobbins are shorter than those on ceramic bobbins, and 
resistances are correspondingly less. 

The cores are typical of those used in the design of the circuits in 
Parts II and VI. Although the same types are usable in Parts III 
and IV, they are not necessarily representative of the cores actually 
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utilized. The higher frequency circuits of Parts III and IV, for exam- 
ple, employ cores with smaller diameter and smaller area. 

The diodes specified are a gold-bonded germanium diode and a silicon 
diode. Special selection is generally required to meet the requirements 
of the specification. Both diodes have the high forward conductance, 
low forward transient voltage, and reasonably short inverse recovery 
time required by the circuits of Parts II, III, and IV. The details of 
specification for diodes used in the circuits of Parts III and IV, how- 
ever, may differ from those stated here. 


A.1 Core Specification 


The design constants for the cores used in the design examples of 
Chapter 9 are as follows: 


0.295 min, 0.345 max npW. 


1. Switching flux s 

2. Projected threshold mmf Fo 0.200 min, 0.220 max at. 

3. Switching constant Gs 0.470 min, 0.545 max at-ys. 
4, Noise threshold mmf Fo» 0.15 min at. 

5. Squareness ratio S 0.90 min. 


Switching flux @s is measured by applying constant mmf pulses of 
alternately opposite polarity. The amplitude of the pulse of one 
polarity is large (1.5 at or greater). The amplitude of the other pulse 
is 0.3 at. Each pulse has a duration of 20 us and a separation of at 
least 20 ws. Switching flux @s is measured during the application of 
0.3 at. If the lower mmf is increased in amplitude, the switching flux 
increases slightly. 

From Fy and Gg, graphs of unloaded constant-current switching time 
T's versus switching mmf F's may be prepared, using the equation 


Gs 


~ Ts — 0.5T, be. (A.1) 


Fg 


where 7’, < 0.87's, and is the rise time of the mmf pulse. Figure Al 
shows the four worst-case curves obtained with 7’, of 1 us and 2 ya, 
Figure A.2 shows the same type of plot on an expanded time scale. 
Values of Fy and Gg are obtained from F's versus 1/7's plots of switch 
ing time data. Constant mmfs of alternately opposite polarity are 
applied. The amplitude of the pulse of one polarity is 1.5 at; the 
amplitude of the other pulse is variable. The rise time of the variable 
amplitude pulse is short (0.2 ys or less). The duration of each of the 
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two pulses is 20 us, with at least 20 us between pulses. During the 
application of the variable amplitude pulse, the switching voltage 
waveform is observed. Switching time 7's is the time between the two 
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FIG. A.1. Switching mmf versus switching time, unloaded magnetic-core. 
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FIG. A.2. Switching mmf versus switching time, unloaded core, expanded scale 


points on the waveform where the voltage is 10 per cent of peak volt- 
age. Mmfs for 7's values between 1 vs and 10 us are observed. The 
ae i wy as a straight line on an Fs versus 1/Ts chart 
alues of /’9 and G's are then obtained as the int 
straight line, respectively. rea alga RE 
The value of noise threshold mmf Fo» is assured by applying con- 
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stant amplitude mmf pulses of alternately opposite polarity. The 
amplitude of the pulse of one polarity is 0.3 at. The amplitude of 
the other pulse is Fopmin (0.15 at). The duration of each of the mmf 
pulses is 20 us, with at least 20 us between pulses. During the applica- 
tion of the 0.15-at pulses, the flux change should be not greater than 
0.05 wW (15 per cent of switching flux &s). If the flux change is 
greater than 0.05 uW, Fop is less than 0.15 at. 

Since there is a high correlation between Fo, and the d-c threshold 
mmf Fp, and since Fo, may be considerably easier to measure than 
Fp, frequently no attempt is made to specify or measure the d-c thresh- 
old of the core. If it is desired to check Fp, the following procedure 
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FIG. A.3. Switching flux versus temperature. 


may be used. For the core under consideration, Fopmin is 0.15 at, 
and Fpmin is approximately 0.12 at. The mmf F’p is assured by apply- 
ing Fpmin (0.12 at) as a d-c mmf to a core and applying a strong pulse of 
mmf (1.5 at for 20 us) in the opposite direction once every several 
seconds. The flux waveform is observed on an oscilloscope. If the 
flux change is less than 0.05 »W (15 per cent of switching flux 3), 
Fp is assured. If the flux change is greater than 0.05 pW, Fpmin is less 
than that specified. 

The squareness ratio S is stated only as a quality assurance. The 
ratio does not appear in the design equations directly, but it is known 
that if S is appreciably lower than 0.9, forward noise becomes & 
problem. 

All of the core characteristics discussed so far are for room tem~ 
perature (25°C). If the magnetic circuits are expected to work over & 
wide range of temperatures, separate sets of curves should be plotted 
for the two extremes of the temperature range, using maximum and 
minimum parameters that have been adjusted for temperature! 
Figures A.3, A.4, A.5, and A.6 show the results of a study of ten Bur- 
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roughs 231-002 cores. The absolute values of the parameters plotted 
are not very important. However, useful temperature coefficients are 
derived from the slopes of the curves. 

. Figure A.3 is a plot of ®s (measured at 0.3 at) against temperature. 
: alues of ®s were obtained from integrated switching voltage wave- 
orms. The curves may be approximated by two straight lines 
Suggested temperature coefficients are: 


1. I or temperatures above 32 T . 1.28 x 10 uw FE or —2 1 
/ ri ’ 2 8 x 
/ / d 7 x 


Figure A.4 is a: plot of Gs against temperature. It is difficult to 
evaluate Gs changes with a high degree of accuracy. The values in 
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FIG. A.4. Switching constant versus temperature. 
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FIG. A.5. Projected threshold mmf versus temperature. 


the plot were determined from slope measurements of graphs of 
F's versus 1/T7's. Slight errors in measurement and judgment appear 
as large errors in the results, because the plot is on a magnified scale 
lhe best estimate of a temperature coefficient for Gs is —2 x 10-4 
at-u8/°F, or —3.5 & 1074 at-us/°C. 
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Figure A.5 is a plot of Fo against temperature. Values were 
determined from the intercepts of graphs of F's versus 1/7's. ee useful 
temperature coefficient is —1.7 X 104 at/°F or —3.0 X 10~* at/°C. 

Figure A.6 is a plot of Fp against temperature. The mmf Fp was 
measured directly by application of a variable direct current for several 
seconds and subsequent resetting of the core. The results in Figs. 
A.5 and A.6 show that Fp decreases with increasing temperature at 
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FIG. A.6. D-c threshold mmf versus temperature. 
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FIG. A7. Resistance of wire versus turns of wire, Burroughs Corporation type 
231-002 core. 


about the same rate as F'o. It may be assumed, then, that the same 
temperature coefficient may be used for Fp. 

When designing a magnetic circuit, it is necessary to know the 
resistance of the wire in the windings. A graph plotting resistance 
against turns can be prepared easily by making a few measurements 
on a resistance bridge. Figure A.7 is such a graph for #36 AWG 
copper wire wound on the stainless-steel bobbin of the Burroughs 
231-002 core. Figure A.8 shows plots of resistance versus turns for two 
sizes of wire (#36 and #38 AWG copper wire) wound on the ceramid 
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bobbin of the Burroughs 231-001 core. The curve for 436 wire in 
Fig. A.8 is used in the design examples of Chapter 9. 

The core specifications stated are intended only as examples of design 
specifications. They are not to be construed as guaranteed manu- 
facturing specifications for the Burroughs Corporation 231-001 and 
231-002 cores. 

Manufacturers of magnetic cores often measure flux from the center 
of a symmetrical hysteresis loop, so that the switching flux, as defined 
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FIG. A.8. Resistance of wire versus turns of wire, Burroughs Corporation type 
231-001 core. 


in this book, is roughly twice the value that would be obtained from 
manufacturers’ data. For ultrathin molybdenum permalloy tapes, 
switching induction Bg should be in the vicinity of 1.5 .«»W/mm”, or 
15 kilogausses, to correspond to ®s. 


A.2_ Diode Specification 


For the circuits in Part II, the primary considerations for diode 
design specifications center around the forward characteristics of the 
diode. If a Cartesian plot is made of the average forward diode 
voltage Vp versus forward current J, a knee appears in the resulting 
curves. The flatness of the curve beyond the knee is important, for 
the more the diode acts as a threshold device, the better is the immu- 
nity of single-diode loops to inverse noise. High forward conductance 
and high current ratings are also important. 

For the circuits of Parts III and IV, inverse characteristics are of 
more importance. An inverse impedance of more than a few thousand 
ohms and an inverse voltage rating of a few tens of volts are usually 
sufficient for the circuits of Part II. For any circuit, the inverse 
recovery time should be short enough not to interfere with circuit 
operation at high repetition rates. The maximum average power 
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dissipation rating is generally not a problem, except at high repetition 
rates. 

The design specification for Vp versus Jr is shown in Fig. A.9 for the 
gold-bonded germanium diode used in the example of Chapter 9. 
The method for determining Vp is given in Chapter 6. Figure A.9 
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FIG. A.9. Forward current versus average forward diode voltage, design specifica- 
tion for germanium diode. (a) Minimum. (6) Maximum. 


includes an additional +7 per cent tolerance for temperature variation 
and measurement error. The limits are set for an operating tempera= 
ture of from —5°C to 55°C. For operations over a wider range of 
temperatures, the temperature coefficients for germanium apply. 
Figure A.10 shows similar characteristics for a silicon diode at three 
different temperatures. An additional tolerance of +2 per cent 
allowed for measurement error is included. The silicon diode char« 
acteristic has a much more constant voltage drop than that of the 
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FIG. A.10. Forward current versus average forward diode voltage, design specifica- 
tion for silicon diode. (a) Minimum. (b) Maximum. 


germanium diode. Thus, the silicon diode is particularly suitable for 
use in single-diode loops, because of greater effectiveness in inhibiting 
inverse noise. 
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GLOSSARY 


ACCESS TIME. In a CORE MEMORY, the elapsed time between the 
selection of an AppREss and the appearance of the worn stored at 
that ADpREss on the output lines. 

ACTIVE WRITE. (See WRITE.) 


ADDRESS. The code designation of a storaGe location in a CORE 
MEMORY. 

BASIC LOGIC ELEMENT. One of a group of LOGIC ELEMENTS estab- 
lished by circuit operation which perform all of the Logic ruNc- 
TIONS in & PRIMITIVE SET. 

BASIC SHIFTING ELEMENT. A SHIFTING ELEMENT arbitrarily defined 
as basic on the basis of circuit simplicity. 

BOTTOMING. ‘Transistor saturation, called BorroMING in magnetic 
circuit design to avoid confusion with SATURATION of @ CORE. 

BUFFER DRIVER. Any pulse power source wherein the active period 
is controlled by INFORMATION in process. (See CLOCK DRIVER.) 

CARRIER MAGNETIC AMPLIFIER (cMA). A magnetic amplifier which 
provides full response only after several power cycles. 

CLEAR. Any active wriTE performed specifically to place a device 
in the CLEAR STATE. 

CLEAR STATE. Any FIXED DATA state (of a STORAGE device) pro- 
duced by a DESTRUCTIVE READ, or any equivalent state resulting 
from an action performed specifically to produce such an equiva- 
lent state. 

CLOCK DRIVER. Any pulse power source wherein the active period 
is controlled by a timing device of a synchronous system. (See 
BUFFER DRIVER.) 

CLUTTER. Any meaningless or useless DATA. 

COINCIDENT-CURRENT MEMORY (ccM). A CORE MEMORY wherein an 
ADDRESS is chosen by the coincidence of two or more currents. 

CONDITIONAL TRANSFER. Any DATA TRANSFER (from a particular 
output of a sroraGE device) whereby a SENSE results from one or 
more READS established by circuit design to the exclusion of other 
READS. (See UNCONDITIONAL TRANSFER.) 

CONSTANT-CURRENT SWITCHING. The type of switcHinG that 
occurs when a pulse of constant current is applied to a corE 
winding. 

CONSTANT-VOLTAGE SWITCHING. The type of swiTcHING that occurs 
when a pulse of constant voltage is applied to a core winding. 
CORD (MAGNETIC CorE). A configuration of magnetic material sur- 

rounding @ current path such that MAGNwTIC INDUCTION is essen- 
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tially confined to a path in the material, with little InpucTION 
found in the surrounding space. 

CORE-DIODE circuITs. A major class of MAGNETIC PULSE AMPLI- 
FIERS in which the most important elements are coRES and 
diodes. 

CORE MEMORY (MAGNETIC-CORE MEMORY). A bulk storaGE device 
using coREs to provide the sroraGE function. 

CYCLE TIME. The total time required at each ADDRESS of a CORE 
MEMORY, from the selection of that appREss to the selection of the 
next ADDRESS, including all necessary time for READ and WRITE. 

pata. Any WorRD, group of worbs, portion of a woRD, or portion of 
a group of WORDS. 

DATA TRANSFER. The combined process of READING DATA from one 
CORE or group of CORES and WRITING DATA in another CORE or 
group of CORES. 

D-C THRESHOLD MMF Fp (at). A value of mmr which, if not 
exceeded, produces no appreciable change in REMANENT STATE. 
(See PROJECTED THRESHOLD MMF.) 

DELAY PARALLEL MAGNETIC PULSE AMPLIFIER (DELAY PMA). A 
PARALLEL MAGNETIC PULSE AMPLIFIER wherein DELAY STORAGE 
takes place in linear passive circuit elements. 

DELAY STORAGE. Any sToRAGE wherein the sToRAGE interval for a 
given appREss is fixed and determined prior to the start of the 
STORAGE cycle. 

DELAY TRANSISTOR-MAGNETIC PULSE AMPLIFIER (DELAY TMA). A 
DELAY PARALLEL MAGNETIC PULSE AMPLIFIER wherein the trans- 
mitting CORE is part of a TRANSISTOR-MAGNETIC PULSE AMPLIFIER. 

DEMAGNETIZED STATE. A condition of a material wherein MAGNETIC 
INDUCTION is zero when MAGNETIZING FORCE is zero. 

DERIVED LOGIC ELEMENT. Any LOGIC ELEMENT which may be sub- 
divided into BASIC LOGIC ELEMENTS. 

DESTRUCTIVE READ. Any READ (of a sToRAGE device) whereby 
the READ agent also alters the pata stored by simultaneously 
placing the device in a specific rixED DATA state. (See Non- 
DESTRUCTIVE READ.) 

DOMAIN (FERROMAGNETIC DOMAIN). Any group of neighboring 
FERROMAGNETIC atoms acting as a single magnetic entity wherein 
the INTRINSIC INDUCTION vectors due to electron spin are all in 
the same direction. 

DOMAIN ROTATION. A reorientation of INTRINSIC INDUCTION vectors 
within pomains wherein the vectors of complete DOMAINS simul- 
taneously change direction toward the applied MAGNETIZING 
FORCE. 

DOMAIN WALL. The transition region between two DOMAINS. 

DOMAIN WALL moTION. A reorientation of INTRINSIC INDUCTION 
vectors near DOMAIN WALLS wherein the application of a MAG- 

NETIZING FORCE causes some DOMAINS to grow (through DOMAIN 
WALL advancement) at the expense of other DOMAINS 
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Glossary 


FERRIMAGNETISM. A type of FERROMAGNETISM wherein some neigh- 
boring ions tend to align parallel-aiding, and some parallel- 
Opposing; INTRINSIC INDUCTION at SATURATION is consequently 
reduced from that which would exist in FERROMAGNETISM. 


FERRITE. A FERRIMAGNETIC ceramic material from which several 
types of MAGNETIC CORES are produced. 


FERROMAGNETISM. The condition wherein the sPECIFIC PERMEA- 
BILITY of a material in a DEMAGNETIZED STATE is much greater 
than unity; the INTRINSIC INDUCTION vectors of neighboring ions 
tend to align parallel-aiding; the adjective is FERROMAGNETIC. 
(See Ferrimagnetism.) 


FIXED DaTa. Any para of a value fixed by the nature of the 


operating mode of the system processing the DATA. (See 
INFORMATION.) 


FLUX (MAGNETIC FLUX) ¢, 4 (W, wW). A scalar quantity; the 
integral, with respect to surface area, of the normal component of 
MAGNETIC INDUCTION at the surface. 


FLYBACK FLUX. Any FLUX change that occurs when an applied 
MMF is reduced to zero. 


FUNCTIONAL ELEMENT. Any electric device or circuit which is 


capable of performing a task of significance to the Loa@IcaL 
DESIGNER. 


FUNCTIONAL INPUT (OR OUTPUT). Any meaningful input (or 
output) of a device, represented either by a specific lack of volt- 
age or current, or by the presence of a voltage or current. 


HYSTERESIS (MAGNETIC HYSTERESIS). A condition wherein the 
MAGNETIC INDUCTION of a material is not zero when the MaG- 
NETIZING FORCE is zero. 


HYSTERESIS LOOP. The closed B-H curve exhibited by a material 
when & MAGNETIZING FORCE is applied in cyclic fashion, provided 
the material exhibits uysTEREsts, also the ¢-F curve of a device 
made from such a material. 


INDUCTION. (See MAGNETIC INDUCTION.) 


INFORMATION. Any meaningful pata of a value not fixed by the 
nature of the operating mode of the system processing the DaTa. 
(See FIXED DATA.) 


INSERT. Any active or passive wriTE performed specifically to 
place a sroraGE device in an INFORMATION state. 

INTERIM STATE. Any INFORMATION or FIXED DATA state (of a 
STORAGE device) which cannot be directly and usefully sENSED. 


INTRINSIC INDUCTION (MAGNETIZATION) B; (W/m?2, W/mm?), 
The vector component of MAGNETIC INDUCTION B caused by 
subatomic current loops within a material; the magnitude of B; 
is B;. 

LINBAR-SELECTION MEMORY (LSM). A CORE MBMORY wherein an 


AbpR#ss is chosen by a single current rather than a coincidence of 
currents, 
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Logic circuit. Any digital circuit wherein each FUNCTIONAL OUT- 
PUT is a LOGIC FUNCTION of one or more FUNCTIONAL INPUTS. 


LOGIC DIAGRAM. Any graphical representation whereby a digital 
system or subsystem, or group of subsystems, is represented by 
combinations of LoGic SYMBOLS. 


LOGIC ELEMENT. Any FUNCTIONAL BLEMENT effecting a LOGIC 
FUNCTION. 


LOGIC FUNCTION. The relationship between one or a number of 
binary input variables and a binary output variable. 

LOGIC RULE. One of a set of rules describing, for the LoGicaL 
DESIGNER, the permissible manner in which a particular FUNC- 
TIONAL ELEMENT may be employed without exceeding the limita- 
tions of the electric circuit. 


LOGIC SYMBOL, Any symbol, used in LOGICAL DESIGN, which denotes 
a specific FUNCTIONAL ELEMENT. 


LOGICAL DESIGN. The design of digital systems and subsystems 
based upon the known functional characteristics of a given set 
of FUNCTIONAL ELEMENTS. 


LOGICALGAIN. A ratio; the number of SENSED outputs which can be 
produced from an element which is READ. 


MAGNETIC-CORE SHIFT REGISTER (MSR). Any serially connected 
chain of MAGNETIC-CORE SHIFTING ELEMENTS. 

MAGNETIC INDUCTION (FLUX DENSITY). B(W/m?,n.W/mm?). The 
total magnetic field intensity vector expressed in units directly 
associated with voltage in volts rather than current in amperes; 
B is related to TOTAL FIELD Hy by the PERMEABILITY OF SPACE p19 
such that B = yoH7; the magnitude of Bis B. (See Tora. FIELD 
Hr.) 

MAGNETIC PULSE AMPLIFIER. A magnetic amplifier which provides 
full response in a single power cycle. 

MAGNETIZING FORCE (MAGNETIC FIELD STRENGTH, MAGNETIC FIELD 
INTENSITY, MAGNETIC INTENSITY) H (at/m, at/mm). The basic 
magnetic vector describing the force-producing properties of one 
electric current on another electric current; the amplitude of H 
is H. 

MAGNETOMOTIVE FORCE (abbr. MMF) F (at). A basic magnetic 
quantity obtained from MaGNETIZING FoRCE H, from F = 


H cos 6 dl, where H cos @ is the magnitude of the H component 


along a differential path length dl. 

MAJOR HYSTERESIS LOOP. The HYSTERESIS LOoP of a material 
reaching or closely approaching saATURATION. (See MINOR HYS- 
TERESIS LOOP.) 

MAXIMUM FLUX DIFFERENCE 4y (W, »W). The peak-to-peak dif- 
ference in FLUX encountered in two successive SWITCHINGS of a 
CoRE, provided the mrs are applied in opposite directions, 


MEMORY. A bulk sroraGe device. 
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METALLIC TAPE. A tape of FERROMAGNETIC metal, frequently 
employed as wrapping about a bobbin to form a METALLIC-TAPE 
CORE, 

MINOR HYSTERESIS LOOP. A HYSTERESIS LOOP of a material not 
reaching nor closely approaching saTURATION. 


mmr. (See MAGNETOMOTIVE FORCE.) 


MULTIAPERTURE-CORE MAGNETIC PULSE AMPLIFIER (MMA). A 
MAGNETIC PULSE AMPLIFIER using a CORE which has multiple 
apertures. 


NONDESTRUCTIVE READ. Any READ whereby a sToRAGE device 
which has been sENsED necessarily remains in the DATA state 
existing prior to READ. (See DESTRUCTIVE READ.) 

NONSQUARE HYSTERESIS LOOP. Any HYSTERESIS LOOP not having 
nearly vertical sides nor almost horizontal top and bottom. (See 
SQUARE HYSTERESIS LOOP.) 

NONSQUARE MATERIAL, DEVICE, OR CORE. A material, device, or 
corE exhibiting a NONSQUARE HYSTERESIS LOOP. 

ONE STATE. The opposite REMANENT state from that chosen to 
represent the zERO sTaTE. (See ZERO STATE.) 

PARALLEL MAGNETIC PULSE AMPLIFIER (PMA). A MAGNETIC PULSE 
AMPLIFIER wherein the load is essentially in parallel with the 
transmitting corE. 

PASSIVE WRITE. (See WRITE.) 


PERMEABILITY » (W/at-m, »W/at-mm). A scalar quantity defined 
from MAGNETIC INDUCTION B and MAGNETIZING FoRCE H magni- 
tudes by » = B/H. 

PERMEABILITY OF SPACE y9 (W/at-m, »W/at-mm). A scalar 
quantity which relates the Tora, rreLD Hr in voltage units 
(MAGNETIC INDUCTION B) to Hr in current units ; the value of 
uo is 4% X 10-7 W/at-m = 47 & 1074 uW /at-mm. 

PING-PONG. Any MAGNETIC-CORE SHIFTING ELEMENT or ELEMENTS, 
connected in a loop, providing means for cycling one bit of 
stored pata; a type of dynamic flip-flop. 

PRESET. Any wRiTs performed prior to system operation. 


PRIME. Any active wRITE performed specifically to place a sroRAGE 
device in the PRIME STATE. 


PRIME STATE. Any FIXED DATA state (of a STORAGE device) other 
than the CLEAR sTaTE. 

PRIMITIVE SET. A set of LOGIC FUNCTIONS capable, either indi- 
vidually or in combination with others in the set, of performing 
all of the Boolean functions of two binary variables. 

PROJECTED THRESHOLD MMF Fo (at). In CONSTANT-CURRENT 
SWITCHING, the switcHina mmr Fg intercept at 1/T7's = 0 of the 
extension of the straight-line portion of the F's versus 1/T’s char- 
acteristic of a conn. (See p-c THRESHOLD MMF.) 


rpAD. Any action performed specifically to cause or permit 
SENSING. 
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REMANENT FLUX DIFFERENCE @g (W, uW). The difference in 
FLUX between the two REMANENT STATES encountered during 
SWITCHING. 

REMANENT state. The state of a magnetic device when applied 
MMF is zero. (See RESIDUAL STATE.) 

REsET. Any action performed specifically to return a STORAGE 
device to a defined reference state. (See sET.) 

RESIDUAL STATE. The state of a magnetic material when applied 
MAGNETOMOTIVE FORCE is zero. (See REMANENT STATE.) 

RESTORE. Any action performed specifically to remove a STORAGE 
device from an INTERIM STATE without affecting the INFORMATION 
or FIXED DATA stored in the device. 

SATURATION. The condition of a magnetic material or device 
wherein the magnitude of INTRINSIC INDUCTION reaches its 
limiting value. 

sense. Any purposeful determination of the paTa state of a 
STORAGE device. 

SERIES MAGNETIC PULSE AMPLIFIER (SMA). A MAGNETIC PULSE 
AMPLIFIER wherein the load is in series with the transmitting 
CORE. 

spr. Any action performed specifically to place a STORAGE device in 
a DATA state other than a defined reference state. (See RESET.) 

SHIFT REGISTER. (See MAGNETIC-CORE SHIFT REGISTER.) 

SHIFTING ELEMENT. Any FUNCTIONAL ELEMENT producing outputs 
identical to the inputs but offset in time by DELAY STORAGE. 

SINGLE-DIODE (sp) Loop. A PMA TRANSFER LOOP wherein coupling 
between the output winding of the transmitting corr and the 
input winding of the receiving core is effected by one diode. 

SPECIAL ELEMENT. Any FUNCTIONAL ELEMENT not a SHIFTING 
ELEMENT nor &@ LOGIC ELEMENT. 

SPECIFIC PERMEABILITY us. A dimensionless scalar quantity 
which is defined as the ratio of PERMEABILITY » to the PER- 
MEABILITY OF SPACE 9; that is, us = #/po- 

SPLIT-WINDING (sw) Loop. A PMA TRANSFER Loop wherein the 
input winding is split into two equal halves, and coupling between 
the output winding of the transmitting core and the input wind- 
ing of the receiving core is effected, primarily, by two diodes 
which are forward-biased at the time of TRANSFER. 

SQUARE HYSTERESIS LOOP (RECTANGULAR HYSTERESIS LOOP). Any 
HYSTERESIS LOOP having nearly vertical sides and almost hori- 
zontal top and bottom. (See NONSQUARE HYSTERESIS LOOP.) 

SQUARE-LOOP MATERIAL, DEVICE, OR corn. A material, device, or 
cCoRE exhibiting a SQUARE HYSTERESIS LOOP. 

SQUARENESS RATIO S. The ratio of REMANENT FLUX DIFFERENCE to 
MAXIMUM FLUX DIFFERENCE. 

STATIC STORAGE. Any STORAGE wherein the storaGE interval for a 
given apprEss is variable and determined during the sroraG® 
cycle. 
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Glossary 


STORAGE. The action encompassing the writine of DATA, the 
holding of that para, and the READING of that paTA at a sub- 
sequent time; also, the device which stores. 


SWITCHING. In a device, the change of rLux from one REMANENT 
STATE to another with a reasonably high sqUARENESS RATIO. 


SWITCHING COEFFICIENT Sw (at-s/m, at-us/mm). The ratio Gs/l, 
where Gg is the swITCHING CONSTANT and I is the mean magnetic 
path length of the corn. 


SWITCHING CONSTANT Gg (at-s, at-us). In CONSTANT-CURRENT 
SWITCHING, the slope of the swrrcuine mmr Fs versus 1/7's char- 
acteristic of a corn in the straight-line region. 


SWITCHING FLUX bs (W, »wW). The maximum Friux change 
encountered during a single swircuinG, provided the applied 
MMF does not change polarity. 


SWITCHING MMF F's (at). The instantaneous value of that part 
of the total mmr applied to a core which produces swITcHING 
of the corE. 


SWITCHING TIME T's (8, 4s). The time from the start of the applica- 
tion of SWITCHING MMF to the completion of the rtux change 
occasioned by swITCHING. 


TOTAL FIELD Hr (at/m, at/mm). The total magnetic field intensity 
vector including components caused by subatomic charge 
motions within a material as well as those caused by conventional 
electric currents; the magnitude of Hy is Hr. (See MAGNETIC 
INDUCTION.) 


TRANSFER. (See DATA TRANSFER.) 


TRANSFER Loop. The circuit permitting one corE (or group of 
CORES) tO TRANSFER DATA to a second CORE (or group of CoREs). 


TRANSISTOR-MAGNETIC PULSE AMPLIFIER (TMA). A class of MAG- 
NETIC PULSE AMPLIFIERS wherein a transistor and a CORE are used 
in regenerative combination. 


TURN N (turn, ¢). A wire, capable of carrying current, which is sur- 
rounded by a closed magnetic path, usually part of a winding of 
N turns, where N is the number of wires surrounded by the closed 
magnetic path. 

UNCONDITIONAL TRANSFER. Any DATA TRANSFER (from a particular 
output of a storage device) whereby a sENSE results from all 
READS. (See CONDITIONAL TRANSFER.) 

worp. Any array of digits expressing an entity. 

write. Any action (active wriTe) or lack of action (passive 
WRITE), taken specifically to ensure that a sTORAGE device is in 
a desired DATA state. 

ZERO STATE. One of the two REMANENT STATES of a CORE bounding 
& REMANENT FLUX DIFFERENCE resulting from the cyclical 
SWITCHING of the core; an arbitrary choice is made to consider 


which of the two states represents a binary zero and which a 
ONE, 
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Access: nonrandom, 415; random, 359, 
360, 372, 391, 414, 428; serial, 359, 
360; — time, 360, 583 

Accumulator, 92, 245, 258, 259, 503 

Adder, 92, 172-174, 261-263, 303, 306, 
307, 501-503; half, 173, 566 

Address, 359-360; — decoding, 383; — 
register 359; see also Selection 

Addressing, 363, 375, 395, 398-408; 
see also Selection 

Ampere, 43 

Ampere’s law, 12-15 

Ampere-turn (at), 13, 14, 40, 41, 43; — 
/meter (at/m), 13, 17, 40, 43; — 
microsecond (at-us), 47, 221; — 
-microsecond /millimeter (at-ys /mm), 
46; —/millimeter (at/mm), 40, 41, 
43; — -second (at-s), 47; — -second/ 
meter (at-s/m), 46 

Amplification: functional, 88; output, 
control SMA, 334; power, 88, 100; see 
also Sense 

Amplifier: asserting, see Control SMA, 
SMA; balanced (or differential), 526; 
carrier magnetic, see CMA; comple- 
menting, see Control SMA, SMA . 
delay parallel magnetic pulse, see 
Delay PMA; delay transistor-mag- 
netic pulse, see Delay TMA; linear, 
523, 524; magnetic, 7; magnetic 
pulse, 7, 586; multiaperture-core 
magnetic pulse, see MMA; parallel 
magnetic pulse, see PMA; Ramey, 
334; series magnetic pulse, see Con- 
trol SMA, SMA; transistor-magnetic 
pulse, see TMA; see also Sense 

Analog: applications, TMA, 457, 505- 
517, 538; — -to-digital integral con- 
version, 507, 508; storage device, 
MMA, 545 

AND (conjunction), 89, 90; delay PMA, 
243, 249-251; MMA, 563, 566, 567: 
— -OR-Nor set, 90, 298; PMA, 142, 
143, 164, 165, 168; SMA, 298, 303, 
334, 345, 346, 851; TMA, 480 
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Anisotropy: — energy, 437; strain, 430 

Annealing, 31, 283 

Antiferromagnetism, 26 

Aperture, 407, 512-516, 538-568 

Area, 17, 18, 34; — module, 39, 573 

Arithmetic, see Adder, Subtracter 

Asynchronous operation, see Synchro- 
nism 


Bias: active, 491, 494, 495, 499; compat- 
ible, 551-553; hold, 564, 565, 567; — 
magnet, 527; magnetic, 516; receiver, 
549-552; transmitter, 548, 549, 552, 
554; see also Current, Voltage, Wind- 


ing 

BIMAG, 95; see also PMA 

Binary, see Bit, Data, Digit, System, 
Variable 

Bit, 51, 84, 359-361, 363, 364; see also 
Plane 

Bobbin, 28, 30, 31, 104, 283-285, 294, 
295; ceramic, 30, 31, 104, 210, 284, 
573, 578, 579; geometry of, 283-285, 
294, 295; stainless steel, 30, 31, 104, 
210, 284, 285, 573, 578, 579 

Boolean functions, 89, 90 

Borrow, 261-263 

Bottoming, 79-81, 459, 460, 462-465, 
583; depth of, s, 79, 80; — resistance, 
Ts, 79; see also Voltage 

Branching, 150, 244 

Buffer: — driver, 89 (see also Driver, 
Register); timing, 173 

Buffering, 91, 104, 157, 211, 308, 309 


Capacitance, C, 33, 43, 72; effects of, 
CMA, 524; effects of, delay PMA, 
225, 226, 230; effects of, PMA, 183, 
200-205; effects of, SMA, 273, 279, 
280, 285, 287, 288, 312, 313, 315, 317, 
325, 326; effects of, wired-core mem- 
ory, 422; interlead, output trans- 
former, 827; — load on core, 63-66, 
225, 226; see also Capacitor 
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Capacitor: bypass, 324-326; electro- 
lytic, 325; feedback, CMA, 528; 
speed-up, 466-468, 476; variable, 535; 
see also Capacitance, Delay, Voltage 

Carrier: — generator, CMA, 534; high- 
frequency, 523; — magnetic ampli- 
fier, see CMA; minority, 76, 240, 287, 
477; — modulator, magnetic, 523; — 
stabilization 534; — storage, minor- 
ity, 80, 240; — supply, 523, 534, 535; 
see also Current, Voltage, Winding 

Carry, 173, 261, 262, 306, 307, 502, 503 

Cascading, 168, 254, 257, 347, 503, 534 

CCM, see Coincident-current memory 

Ceramic: — bobbin, 30, 31, 104, 210, 
284, 573, 578, 579; — magnetic 
materials, see Ferrite 

Cgs-emu system, 33, 38-42 

Charge, g, Q, 10,-33,?42, 43; subatomic, 
11, 15; switching, Qs, 58; total, 58; — 
variable, x, 58 

Charge-turns, total, Gr, 58, 221, 224, 
238, 239 

Clear, 86, 87, 102, 103, 105, 106, 149, 
150, 154, 361, 583; see also Current, 
State, Winding 

Clock: — frequency, 303; phase, 299, 
300; — rate, counted-down, 153, 167, 
168, 258, 308; resetting, 290; shaped- 
pulse, 277, 278; sine-wave, 277, 280, 
288-290; single-phase, 243; square- 
wave, 281, 288, 289; system, 89, 101- 
103, 152, 181, 299, 310, 499; two- 
phase, 299; see also Cycle, Driver, 
Pulse, Time, Timing 

Clutter, 85, 181, 584 

CMA (carrier magnetic amplifier), 7, 9, 
519-536; ferroresonant, 88, 528-534; 
power supply for, 534, 535 

Cobalt, as ferromagnetic material, 26 


Coding, 170 
Coefficient, switching, Sw, 46, 439, 589 
Coercive: — force, see Magnetizing 


force; — mmf, see Mmf 

Coincident-current memory (CCM), 
277, 361-370, 372-390, 440, 445, 449, 
583; bit plane, 383; core disturbance, 
376-382; pulse sequences, 376-380; 
tolerances, drive current, 369, 387- 
389 

Column, 362; inhibit, 399, 410; see also 
Driver, Winding 

Communications: digital, 95, 99, 174- 
177, 210, 211, 524; teletype, 148, 174- 
176 

Computer, 91, 166, 269, 270, 298, 301, 
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322, 328, 329, 331; high-speed, 269, 
270; low-speed, 269, 344; navigation, 
415; process control, 344, 415; — sys- 
tem, 298, 301; — testing, 200, 208, 
209, 330-332; vacuum-tube, 211, 331; 
see also Program 
Conductor: sense, 431, 436, 441, 445; 
word-drive, 431, 436, 440, 445; see 
also Winding 
Conjunction, see AND 
Constant: circuit time, R.C, 64-66; col- 
lector fall time, rs, 80, 465-468, 479, 
480; collector rise time, 7,, 79, 80, 465; 
dielectric, «, 43; dielectric, of space, 
eo, 43; storage time, 7s, 80, 465; switch- 
ing, Gs, 47, 56-58, 62, 64, 65, 71, 118, 
420, 574, 575, 577, 589; switching, Gs, 
versus temperature, 577 
Constant-current: — gating network, 
272, 289; — input, 272; — load, 281; 
— output sink, 272, 280, 290; — 
switch, 297; see also Switching 
Constant-voltage: — drive, 484; — 
pulse power supply, 310-321; — 
switch, 297; see also Switching 
Control, 91, 113, 147, 166, 247; — appli- 
cations, 95, 155, 156, 211, 247, 259- 
261, 333, 354, 534; input-output, 99, 
113; — relay, 345-347; system, 175; 
— SMA, see Control SMA; see also 
Current, Winding 
Control SMA, 269, 270, 333-353; assert- 
ing amplifier, 334-336; circuit analy- 
sis of, 337-344; complementing ampli- 
fier, 335-337; equivalent relay cir- 
cuits, 345-347; fabrication of, 352; 
flux testing, 339, 340; input-output, 
334; logical design of, 344-347; sys- 
tem testing, 352, 353 
Convenience units, 38-43 
Convention: core, current, and voltage 
rules, 52; dot, 51-52, 105; onp and 
zERO, 50-52 
Converter: analog-to-digital integral, 
507, 508; de-to-ac and de-to-de, 506, 
507 
Core (magnetic), 5-7, 9, 28, 30, 31, 34~ 
72, 463; cup, 535; current-limiting, 
468, 469; equations, 37, 46-49, 53-71; 
equivalent circuits, 55-66; ferrite, 20= 
31, 66, 67, 222, 223, 283, 525; ferrite 
memory, 360, 362, 366, 376-382, 407, 
417; geometry, 28, 29, 66, 67, 284, 
563-568; measurements, 45, 69-71, 
112, 207, 208, 330, 339, 340, 573, 670; 
metallic-tape, 30, 31, 56, 61, 66, 67, 
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110, 283-285, 327, 328, 373, 375, 392, 
398, 524, 525, 573-579; metallic-tape, 
thin, 67; metallic-tape, ultrathin, 30, 
31, 55, 61, 66; molybdenum perm- 
alloy, 184, 205, 283-285, 295; multi- 
aperture, 9, 29, 67, 89, 512-516, 537- 
569; nonsquare, 59, 68, 69, 403, 473, 
474, 587; preceding, 101, 219; receiv- 
ing, 101, 102, 219; square-loop, 37-41, 
43-52, 59, 68, 102, 105, 588; succeed- 
ing, 101, 219; temperature coefficients 
of, 68, 366, 576-578; thick-walled, 66, 
67; transmitting, 101, 102, 219; see 
also Dot convention, Ferrite, Molyb- 
denum permalloy, Nickel-iron, Tape 

Core-diode: — circuits, 5, 6, 95, 213, 
265 } — memory, 423-426; — selec- 
tion, 400-402; sce also Delay PMA, 
PMA, SMA 

Coulomb (Cb), 43; microcoulomb, 
(uCb), 43; microcoulomb-turns, 221 

Counter, 92, 113, 166-172, 176-178, 
254-259, 303, 304-306, 483, 496, 508, 
515, 531-534; accumulating, 92, 245, 
258, 259; binary, 92, 254, 257, 258, 
305, 306; binary-coded decimal, 254, 
305, 306, 534; binary stage, 166, 167, 
170; ring, 92, 167-170, 254, 255, 503, 
524, 531-534; shift-code, 92, 170-172, 
254; subtract, 168-170, 172, 258, 259 

Counting, 91, 104, 166-172, 211, 254- 
259, 304-306, 503, 531-534 

Coupling, 55, 68, 69, 470, 472, 475; — 
impedance, 534; inductive, 362, 375; 
interwinding, elimination of, 537, 538; 

— losses, 88, 555, 556; — network, 
101, 102; unity, 55, 68 

Curie temperature, 25, 366, 417 

Current, i, Z, 10-15, 18, 33, 43, 119; 
back-loop, Iy(PMA), 106, 225-227; 
base, zz, Iz, 77-81, 458-460, 464-467, 
477, 478; bias, 273, 295, 527, 528; 
branch, 108-110, 132-144, 410; car- 
rier, Ige(CMA), 528, 525, 526, 529, 
530, 562; clear, Jc(MMA), 540, 541, 
546-548; collector, ic, Ic, 77-80, 196, 
197, 458-460, 463-465, 468, 477, 478; 
constant, see Drive, Constant-cur- 
rent; control, 523; — discriminator, 
527, 528; drive, MMA, 531-533, 558, 
559; eddy, 10, 28, 67, 68, 284, 430, 
524; enabling, Zs(PMA), 109, 132- 
144; excess, 57; forward, Ir, 74, 75, 
118, 286, 296; full-select, 361, 364, 
869, 387-389, 396-398; half-select, 
362, 376; information, 7; (memories), 
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365, 367, 395-398, 408, 435; inhibit, 
Iz (memories), 365, 376, 387-389; in- 
verse, 76, 286, 288, 292, 296, 466; load 
(on core), 54, 119; loop, Z, 105-110, 
119, 219, 402; — loop, subatomic, 15, 
21, 22; magnetizing, 61, 313, 315, 349, 
405; partial-select, 364, 365; read, 
101, 102, 105-110, 119, 218, 219, 365, 
369, 387, 395, 403, 481, 483, 541, 546—- 
548; receiver bias, Ips(MMA), 549- 
551; reset, 471, 472; reset bias, 338, 
344; — rules (dot convention), 52, 
105; set bias, 338, 339, 349; switching, 
Is, 335, 364, 387, 396; switching 
threshold, I7, 365, 366, 369, 387, 396; 
— tolerance, memory, 387-389, 396- 
398; transmitter bias, I43(MMA), 
548, 549; write, 235, 365, 369, 387, 
396, 403, 435, 449; see also Driver, 
Gain, Path, Time 

Current-turn, 14, 54 

Cycle: clock, 149, 152, 299; — distribu- 
tor, 168, 254; memory (read/write), 
360, 375, 384, 416, 423, 447; power, 7, 
9; timing, 88, 149, 152, 153; see also 
Time 

CYPAK circuit, 265; see also Control 
SMA 


Data, 83-87, 584; — complementing, 
260, 261; fixed, 84, 415, 417, 585; — 
-processing, 5, 20, 524; — -processing 
device (core), 5, 20; — -storage device 
(core), 5, 20; see also State, Storage, 
Transfer 

Decimal, see Counter 

Delay: between enabling pulses, ART, 
493, 499-501; — capacitor, 337, 345; 
— element, 301, 302, 306, 336, 337; — 
time, output, p7’, 292; see also Delay 
PMA, Delay TMA, Line, Network, 
Storage 

Delay PMA (delay parallel magnetic 
pulse amplifier), 8, 217-263, 573, 574, 
579, 584; basic circuit, 218, 219; com- 
pared to PMA, 218; distributed ca- 
pacitance, 230; driver for, 229, 230; 
logical design of, 242-263; shift regis- 
ter, 233-240, 246, 247, 249, 259-263; 
transfer loop, 219, 222-229 

Delay TMA (delay transistor-magnetic 
pulse amplifier), 8, 235-241, 243, 252- 
254, 573, 584; logical design of, 243, 

252-254, 257, 258; scaler, 257, 258 

Deposition, 442; of conductors, films, 

and insulation, thin-film memory, 
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436, 442; of memory planes, supercon- 
ductive memory, 450 
Design: circuit, see CMA, MMA, PMA, 
SMA, TMA; functional, 7, 82; logical, 
82, 91-93, 585, 586, see also Delay 
PMA, Delay TMA, MMA, PMA, 
SMA, TMA; mechanical, 327, 328; 
modular, 116, 117, 209, 210, 270, 328- 
330, 332; — rules, see Logic; system, 
8, 92, see also PMA, SMA; — termi- 
nology, 82-93; worst-case, 116, 388, 
396 
Dielectric constant: «, 43; — of space, 
€0, 43 
Digit, 84; binary, 84 (see also Bit, 
Word); nonbinary, 84, 483-485 
Dimensions, 33, 43 
Diode, 73-77, 83, 101-112, 229, 407, 
537, 544, 574, 579-581; as word selec- 
tion element, 395, 400, 403, 406-407; 
— capacitance, 287; disconnect, 204; 
forward characteristics of, 74-76, 104, 
118, 579-581; — gating, 151, 152, 
159, 160, 247, 248, 302-304; germa- 
nium, 73, 75, 229, 279, 420, 574, 580, 
581; initial decay of, 74; inverse char- 
acteristics of, 76, 104, 273, 286, 579- 
581; nonlinearity of, 104, 111, 128, 
220, 227, 233; power dissipation of, 
76, 104, 579, 580; selenium, 350; sili- 
con, 73, 229, 574, 580, 581; — switch, 
484; temperature effects on, 76, 580, 
581; tolerances of, 75, 76, 104, 579- 
581; type 1N279, 129, 138; Zener, 485, 
486, 506, 507; see also Current, Gate, 
Logic, Matrix 
Discriminator: current, 527, 528; sub- 
carrier, 511, 512 
Disjunction, see or 
Distributor, see Cycle distributor 
Disturb: — current, 376, 432; — noise, 
440; post-write (PWD), 384 
Disturbance, core, 376-382 
Domain (ferromagnetic), 26-30, 431, 
437, 584; reverse, 539; — rotation, 27, 
431, 436-439, 584; — wall, 26, 437, 
584; — wall motion, 26-30, 431, 437, 
438, 584 
Dot convention, core, 50-52, 105 
Drive: constant-current, 44-47, 55-58; 
constant voltage, 47, 59, 460-462, 
484; — line, 101; multiphase, 157, 
158, 299; short-pulse, 416; single- 
phase, 218, 243; two-phase, 299; see 
also Conductor, Current, Driver, 
Pulse, Winding 
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Driver, 89, 103, 149-153, 183-187, 192- 
199; buffer, 89, 148-153, 168, 176- 
179, 243, 244, 583; clock, 89, 100, 
151-153, 583; column, 362, 375, 395; 
current, 100, 113, 183, 187, 192-199, 
206, 207, 229, 230, 370, 386, 495; en- 
abling pulse, 494, 499-501; informa- 
tion, 395, 432; inhibit, 386; knife- 
edge, 182, 207; read, 89, 386; ripple, 
494, 503; row, 362, 375, 395; thyra- 
tron, 183, 184, 188, 193, 194, 198, 199, 
206, 207; transistor, 148, 183, 185, 
196-200, 229, 230, 426; vacuum tube, 
183, 185-187, 194-196, 198, 199, 201, 
209, 210, 229, 230; write, 386; see also 
Triggering 

Drum, magnetic, memory, 311, 415 


Eddy current, see Current 

Electromagnetism, theory of, 10 

Electroplating, 431 

Electron, 11; — spin, 11, 25-27 

Element: advanced magnetic, 371, 428- 
450, 537-569; basic, 91; basic, SMA, 
270; control, 247; derived, 91; func- 
tional, 91, 92, 174, 585; input-output, 
148, 156, 174, 180-183; special, 92, 
113, 148, 174, 180-191, 205-207, 588; 
see also Logic, Selection, Shifting, 


Storage 

Energy, w, 24, 27, 31, 33, 43, 486; equa- 
tion, magnetic cores, 54; — storage 
287, 403 


Environment, effects of, 24, 211, 366, 
367, 416, 506, 509, 510; see also Nu- 
clear, Shock, Temperature 

EXCLUSIVE OR, 90; delay PMA, 249, 
251; MMA, 568; PMA, 164-166, 169- 
171, 173; SMA, 303, 304; TMA, 492 

Eyebrow symbol, 151, 152 


Farad (f), 43; —/meter (f/m), 43; mi- 
crofarad (uf), 43; microfarad/milli- 
meter (uf/mm), 43 

Faraday’s law, 18, 118 

Feedback loop gain, in CMA, 527, 528 

FERRACTOR amplifier, 265; see also 
SMA 

Ferrimagnetism, 26, 585 

Ferrite, 26, 31, 222, 283, 314, 366, 417, 
513, 525, 538, 585; —_ multiaperture 
plate, 407, 412; see also Core 

Ferromagnetic elements, materials, s¢¢ 
Core, Ferrite, Molybdenum perime«- 
alloy, Nickel-iron, Tape, Thin film, 
Twistor 
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Ferromagnetism, 11, 20-32, 585 

Ferroresonance, 9, 524, 528-534; see also 
CMA 

Field, 6, 11-19; components of (‘Twistor 
memory), 431-435; critical (super- 
conductivity), 444; demagnetizing, 
Ha, 16, 17; driving, 432, 438; external 
magnetic, "516; in air, material, vac- 
uum, 15, 16; intrinsic, H;, 15-17; rela- 
tion to current, 12-15; relation to 
voltage, 17-19; — strength, projected 
threshold, Ho, 46, 47; total, Hr, 15— 
19, 589; transverse, 431, 438; uni- 
form, 15, 17; see also Magnetizing 
force 

Film, see Thin film 

tee 228, 229, 387, 506, 523, 526, 
52 

Flip-flop, 83, 91; CMA 525, 528, 529, 
531; delay PMA, 247, 249, 250, 257, 
260, 261; dynamic, see Ping-pong; 
MMA, 562; PMA, 154, SMA 304, 
336, 337, 345; transistor, 189; vac- 
uum-tube, 189 

Flux (magnetic), ¢, &, 17-19, 33-39, 43, 
585; air, 72, 222; — change, 18, 34; 
configurations, MMA, 539-548; 
control, 512-516; — density, see Sa 
duction; — difference, 35-38, 48-50, 
461, 462, 508, 511, 555, 556, 558; — 
difference, major maximum, 4y’, 35; 
— difference, major remanent, ®,’, 35, 
461, 462; — difference, maximum, 
y, 35, 508, 511, 586; — difference, 
remanent, $z, 35-38, 49, 50, 588; fly- 
back, 37, 38, 44, 45, 48, 59, 61, 71, 
484, 585; initial, 18; initial step, 44, 
48; irreversible, 27, 59, 69, 431; — iso- 
lation, 544; line of, 39, measurement, 
70, 207, 339, 340, 574-57 7, 579; noise, 
50, 110-113, 120, 124-126; non- 
squareness, 61; primary, 68-70; — 
reference, 34; reversible, 27, 59, 431; 
secondary, 68-70; switching, @s, 35- 
38, 48, 49, 118, 120, 145, 291, 402, 
461, 573-577, 579, 589; trapped, 
memory element, 443-450; — unit, 
see Weber, Microweber; i variable Y; 
57-60, 62, 64; write, 556; see also 
Gain, Path, Scaler 


Flux-turn, 61, 181, 205, 291, 342, 469, 


508, 553; — ratio, 484 


Flyback, 459, 460, 465, 471, 474, 477, 


484, 489, 491, 498; see also Flux, In- 
duction, Voltage 


Foree, 11, 12; at a distance, 11; mage 
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netomotive, see Mmf; see also Mag- 
netizing force 

Frequency, f, 43, 68, 466, 467; clock, 280, 
303 ;— limitation, 193;— modulation, 
509, 511; oscillation, 480; — ratio, 
information-to-carrier, 524; — re- 
sponse, 422, 524; supply, 338 

Function, functional, see Amplification, 
Boolean functions, Design, Gain, Ele- 
ment, Input, Logic, Output, Termi- 
nology, Variable 


Gain: current, 78, 463; current, 
grounded-base, large-signal, A, 239; 
current, grounded-emitter, large-sig- 
nal, B, 78-80, 197, 239, 459, 462-468, 
471, 479, 480; current grounded-emit- 
ter, small-signal, 6, 78; effective 
power, control SMA, 348, 344; feed- 
back loop, CMA, 527, 528; flux, 556—- 
558; logical, 88, 127, 153, 299, 586; 
power, SMA, 273, 277, 279-288, 297 

Gate 481; AND, 248, 276, 301; AND, di- 
ode, 474, 475; coincidence, 526; or, 
276, 301; pulse, 528; — voltage, 482; 
see also Gating 

Gating: diode, 276, 302-304; magnetic 
Cr coil), 266, 267; trigger, 474, 475, 
48) 

Gauss, 39; kilogauss, 39 

Generator: a-c square-wave, 507; d-c, 
506; enabling pulse, 493, 499-501; 
ONE, 244-262; pattern, 254-258; tim- 
ing, 113, 148, 152, 153 

Geometrical shape, 14, 22, 28-30, 222, 
284; see also MAD, MMA 

Germanium, see Diode, Transistor 

Gilbert, 40 

Grain structure (crystalline), 27, 31 


Henry, (h) 43; microhenry (uh), 43 

History, digital magnetic circuits, 6, 10 

Hysteresis (magnetic), 21, 71; see also 
Hysteresis loop 

Hysteresis loop, 20-25, 34, 37, 39, 40, 
55, 221, 292, 378, 585; major, 22, 45, 
365, 555, 586; minor, 22, 364, 555, 
587; multiaperture device, 543, 544, 
548, 549, 555, 556; nonsquare, 23, 31, 
oy OFC square, 22, 23, 67, 381, 524, 


INCLUSIVE OR, 90; see also on 
Indicator; — circuits, 189-191; — stor- 
age circuits, 190; see also Lamp 
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Inductance, L, 43, 68, 71, 127, 462, 465, 
472, 473, 525; air 281; carrier winding, 
525, 526; distribution line, 323-325; 
lead, 326, 407; leakage, 111, 281, 287, 
288, 314, 317, 405; magnetizing, 313- 
315; mutual, 422; saturation, 526, 554 

Induction (magnetic), B, 18, 21-23, 34, 
38, 39, 43, 444, 586; — difference, 23; 
— difference, maximum, By, 38, 39, 
284; — difference, remanent, Br, 38; 
— difference (retentivity), Br’, 38; fly- 
back, Br, 38; intrinsic, B,, 18, 21, 22, 
25-28, 585; switching, Bs, 38, 282- 
284, 579 

Information, 84, 585; — driver, 395, 
432; — state, 84; — winding, 363, 
395, 396, 408, 409; see also Current, 
State 

Inhibit (circuit function): — current 
tolerance, 387-389; — driver, 373, 
386, 410; — pulse, 504; — winding, 
363, 373; see also Current 

inuiBIT (logic function), 90; delay 
PMA, 244, 246, 249-263; MMA, 568; 
—-orset, 247; —-or-Nor set, 90, 158; 
PMA, 150, 162-165, 169; SMA, 298, 
300, 302, 303 

Input: — admittance, 223; analog, 507; 
— and control system, 175-179; — 
aperture, 538, 589; — buffering, 156; 
— capacitance, 280; — circuits, 180— 
183; d-c level, 150, 182; — duration, 
Tx, 493-499; — element, 148, 176, 
180-183; functional, 83, 585; inhibit- 
ing, 276, 302; nature of, 83; — nega- 
tion, 182; —sensing, 351; short-pulse, 
182; see also Input-output, Winding 

Input-disconnect circuit, 230-233, 236, 
243 ’ 

Input-output: — buffering, 308; — cir- 
cuits, 180-183; — control, 99; — flux 
difference, 555, 556; — matching, 82, 
92, 113; teletype, 175-179; see also 
Synchronism 

Insert, 86, 87, 149, 151, 585; — pulse, 
103 

Insulation: interwinding, 314; inter- 
wrap, 31, 284 

Titaarstor circuit, 70, 205, 207, 480, 
507, 508 beats 

Interconnection, 148; limitations upon, 
92, 202, 206 

Interim state, see State 

Interrogate, see Read : 

Intrinsic, see Field, Induction, Magne- 
tization 
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Inverter (NoT element), 250, 300, 347; 
see also Not, SMA (complementing) 


JOINT DENIAL, 90, 171 
Joule (J), 43; microjoule (uJ), 43 


Lamp, indicator, 189-191, 534, 562- 
563 

Latching, CMA, 524 

Leakage: — current, transistor, 77, 458, 
463, 485; — inductance, 111; mag- 
netic core, 68; see also Coupling J 

Leg (magnetic-core cross section, 
MMA), 5138, 538, 539 : 

Length (dimension), L, 43; magnetic 
path, 4, see Path; — module, 41 

Level: — input, d-c, 182; — logic, 83, 
90, 252, 562; — output, d-c, 188, 189; 
static, 83 } 

Line: address, 367, 440; — capacitance, 
202; d-c input, 150; delay (digital), 
89, 247, 306 (see also Shift register) ; 
delay, lossless, 247; delay, tank cir- 
cuit, 193, 194; delay, tapered, 227, 
228; delay, transmission effect, 200, 
201, 364, 426; drive, 102; — fre- 
quency, power, 333; input, 490, 493; 
— of flux, 39; power pulse distribu- 
tion, 323, 324; pulse, 149, 150, 300; 
read, 236, 547; read, repetitive, 236; 
shift, 236; transfer, 244; see also 
Winding 

Linear-selection memory (LSM), 361- 
364, 367-370, 391-413, 416, 585; thin- 
film, 440-441; tolerances, 369, 370, 
393, 396-398, 416; Twistor, 431, 432 

Logic, 6, 82-93, 147-174, 302-308, 537, 
538, 563-568; additive, 489-504; — 
circuits, 89-92, 277, 299-302, 524, 
563-568, 586; core-diode, 7, 8; — dia- 
gram, 84, 92, 93, 153, 154, 174, 493— 
504, 586; diode, 90, 279, 299, 302, 329, 
338; — element, 91, 92, 113, 158-166, 
243-245, 247-251, 302-304, 334, 563- 
568, 583, 584, 586; — functions, 89= 
90, 158, 248, 345, 346, 491, 492, 496, 
563-568, 583, 586; level-signal, 83, 90, 
252, 562; primitive set, 89, 90, 158, 
159, 247, 298, 345, 587; pulse-signal, 
83, 562; ripple, 489, 492-504; —rules, 
92, 113, 116, 117, 174, 245, 493, 586; 
— symbols, 92, 149-152, 174-177, 
243-245, 300, 301, 345-347, 494, — 
566, 586; two-valued, 158; voting, 

Logical, see Design, Gain 
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Loop, see Current, Hysteresis loop, 
Transfer loop 
LSM, see Linear-selection memory 


MAD (multiaperture-core device), 512- 
516, 538; apertures ratio, 543; fabri- 
cation of, 513, 539, 540; hysteresis 
loop, 543; physical configuration, 540; 
TMA oscillator, 512-516; see also 
MMA 

Magnet, 5, 20; bar, 516, 523, 525; bias- 
ing, 516, 527; permanent, 5, 7, 20, 
527; see also Core 

Magnetic: — intensity, see Magnetizing 
force; — moment, 26; — tape, 8; see 
also Amplifier, Core, Field, Induction 

Magnetism: mechanisms of, 10-30; nat- 
ural, 11 

Magnetization: — curve, 21; direction 
of, 5, 20, 429, 432, 436-441; intrinsic, 
B;, 18, 31, 68; see also Induction 

Magnetizing, see Current, Field, Induct- 
ance, Magnetizing Force, Resistance 

Magnetizing force, 12-19, 34, 39-41, 43, 
438, 461, 462, 586; coercive, Hc, 40, 
67, 284, 314, 339; d-c threshold, Hp, 
40; maximum, Hy, 40, 339, 462; peak, 
Hp, 461, 462; switching, Hs, 46, 282- 
285, 434; see also Field 

Magnetometer, MAD, TMA, 516 

Magnetomotive force, see Mmf 

Magnetostriction, 442 

Matching, input-output, 92, 308 

MATERIAL EQUIVALENCE, 90; PMA, 164, 
165; TMA, 492, 496 

Matrix: core word selection, 399; diode 
word selection, 400, 405, 406; mem- 
ory, 361; selection element, 363, 370, 
374, 375, 395; transformer word selec- 
tion, 403-405 

Maxwell, 39 

Measurement, see Telemetry, Testing 

Memory, 8, 359-450; capacity, 363; 
CCM, 361, 368, 372-390; component 
count, 370, 375; LSM, 361, 367, 391- 
413; superconducting, 443-450; thin 
film, 435-443; Twistor, 429-435; 
types of, 359, 360, 367-369, 370, 371, 
415; see also Access, Address, Coinci- 
dent-current memory, Current, Lin- 
ear selection memory, Read, Selec- 
tion, Storage, Superconductive mem- 
ory, Thin film, Twistor, Write 

Metallic tape, see Tape 

Meter (m), 43; millimeter (mm), 43 

Microweber (uW), 38, 89, 43; —/am- 
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pere-turn-millimeter («4W/at-mm), 
42, 43; —/microsecond (uW/ps), 38; 
—/square millimeter (uW/mm?), 39, 
43; see also Weber 
Minority, see Carrier 
Mks system (rationalized), 13, 14, 33, 
38-43; convenience, 38-43 
Mmf (magnetomotive force), 14, 15, 39, 
41, 586; bias, Fz, 469; coercive, Fc, 
40, 340, 344; conservation equation, 
54; d-c threshold, Fp, 40, 207, 362, 
365, 366, 393, 576, 578, 584; d-c 
threshold versus temperature, 578; 
load, 119, 464; maximum, Fy, 
40, 479; measurement, 70, 71, 207; 
noise threshold, 112, 124, 207, 
574-576; peak, Fp, 4638; projected 
threshold, Fo, 47, 49, 56-58, 366, 469, 
574-578, 587; projected threshold 
versus temperature, 577, 578; read, 
481, 483; receiver bias, gz, 550; re- 
set, Fr, 471, 472; saturating, 24; — 
sink, 163, 164; switching, 43, 44, 47, 
107, 118, 221, 338, 339, 341, 361, 402, 
483, 574-578, 589; test, 70, 71; total, 
F, 43, 62; transmitter bias, Faz, 548, 
549; trigger, 238; units, 39-41; — 
versus flux, 24; — versus switching 
time, 70, 71 
MMA (multiaperture core, or MAD, 
magnetic pulse amplifier), 9, 513-516, 
537-569, 587; circuit design of, 546— 
559; logical design of, 563-568 
Modulation: carrier, CMA, 523, 534; 
frequency (FM/FM, | telemetry), 
509-512; pulse duration (PDM, te- 
lemetry), 509 
Module: area, 39, 573; circuit, SMA, 
270; length, 41; logic, 270, 328, 329, 
352 
Molybdenum permalloy, 29, 32, 46, 57, 
60, 68, 104, 133, 222, 223, 283-285, 
287, 293, 295, 314, 315, 461, 463, 474, 
485, 510, 524, 525, 573-579; — core, 
184, 284, 416, 420, 426, 573; — tape, 
222, 223, 284, 461; — ultrathin tape, 
29, 32, 57, 314, 315, 430, 431, 461, 
573, 579; see also Core, Nickel-iron, 
Tape 
MSR (magnetic-core shift register), see 
Shift register 
Multiaperture: — core, see Core, MAD, 
MMA; — -plate memory, 371, 407, 
412 
Multivibrator, see Flip-flop, One-shot, 
Oscillator, TMA 
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Negation, see NoT 

Network: coupling, 100-110, 279; delay, 
217-220, 223-231, 234-241; diode, 
329, 335-336; gating, SMA, 272, 276, 
289; L-C, 228-229; pulse-forming, 
193, 195, 198; R-C, 228-229 

Nickel-iron: — alloy, 26, 67, 334; — 
alloy (50-50), 223, 283, 338, 426, 461; 
— alloy (80-20), 442; — tape, 525; — 
tape (50-50), 223; see also Core, 
Molybdenum permalloy, Tape 

Noise, 49, 71, 110-113, 193, 199, 205, 
226, 240, 280, 463, 476, 488, 579-581; 
— flux, 49, 85, 111, 112, 124, 223, 230, 
327, 398, 412, 558; forward, 111, 220, 
223, 238; inverse, 111-113, 116, 120, 
124-126, 135, 185, 206, 226, 579-581; 
memory plane, 369, 376-385, 393, 
411, 420, 449; — suppression, 126, 
136, 163, 420; thermal, 70; — thresh- 
old, 112, 207 

Nonbinary digital applications, 483- 
487 

Non-dot, see Dot 

Nonsquare, see Core, Hysteresis loop 

Nonsquareness, 23, 69, 71, 126, 220, 
473, 474, 484, 555-557; — flux, 61; 
measurement of, 71; — ratio, 557 

Not (negation), 90; AND-oR- — set, 90, 
298; delay PMA, 250, 251; or- 
INHIBIT- — set, 90, 158; MMA, 540, 
565, 566; PMA, 161, 162; SMA, 298, 
300, 303, 336, 346, 351; TMA, 491, 
492, 496; see also Inverter 

Nuclear radiation, 6 


Oersted, 40 

Ohm (Q), 43 

ONE (binary notation), 24, 359, 587, 589, 
— convention, 50-52; read, 149; — 
signal, 379-381, 383; — storage, 20, 
50, 51; see also Generator, Ratio, 
State 

One-core-per-bit circuit, see Delay PMA 

One-shot, 336, 337, 471-475, 482, 485, 
486, 489, 494, 495, 499, 500, 505, 506, 
511, 512, 528; high-speed, 474; non- 
square-core, 473, 474; — quantizer, 
square TMA, 485; — trigger-gating 
circuit, 482 

or (disjunction), 90; — -aND-NoT set, 
90, 298; delay PMA, 244, 247-249, 
252, 254; — -INHIBIT set, 247; — 
-INHIBIT-NOT set, 90, 158; MMA, 550, 
563, 564, 568; PMA, 150, 151, 158- 
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161, 208; SMA, 276, 301-303, 345, 
346; TMA, 489-500; wired-core mem- 
ory outputs, 420 

Oscillator, 526, 527; blocking, 194, 195; 
keyed, 500, 501; power, 534, 535; 
subcarrier, 509-511; TMA (square- 
wave), 471, 475-480, 487, 505-510, 
512-517 ; 

Output: active, 83, 85; — amplification, 
control SMA, 334; — aperture, 538; 
— capacitance, 279; — circuits, 188- 
191, 309; — circuits, ping-pong, 188; 
— circuits, power, 188; complement- 
ing, 565 (see also Inverter, Nov); d-c 
level, 188, 189, 309; — element, 148, 
156, 188-191; functional, 83, 585, 
586; — impedance, delay network, 
225, 226; noise, bit plane, 376-378; 
passive, 83, 85; — power, SMA, 285- 
288, 294; signal, 376-378; — stor- 
age circuits, 188, 189; — toroid, 541; 
— transformer, 311-320, 325; see also 
Voltage, Winding 

Override: d-c, 150; pulse, 150 


Path: current, 13, 28, 583; flux, 28, 67, 
429, 538-546, 564-568, 583, 589; flux, 
cross section, see Leg; flux, length, ¢, 
28, 34, 41, 47, 462, 538-548, 573 

Partial: — flux, 240; — remanence 
ratio, yz, 49; — remanent flux differ- 
ence, @zp, 48, 49; — saturation, 528; 
— -select current, 364; — squareness 
ratio, Sp, 48; — sum, 261-263; — 
switching, 47-50, 61, 67, 68, 112, 206— 
208, 364; — switching flux, dsp, 48, 
49; — switching flyback flux, rp, 48, 
49; — switching, repeated, 50, 483- 
485; — triggering, 206, 207 

Pentode, see Vacuum tube 

Permalloy, see Molybdenum permalloy 

Permeability, », 19, 21, 41-43, 69, 240, 
587; of space, wo, 18, 19, 21, 42, 43, 
282, 586, 587; specific, ws, 42, 68, 585, 
588 

Pierce stroke, 90, 298 

Ping-pong, 91, 154-156, 182, 183, 188, 
247, 504, 562, 587; — output circuits, 
188 

Plane: bit, 361, 362, 373, 393; output 
voltage, V, 383; size, 385; testing, 
384; — winding, 363, 375, 393 

PMA (parallel magnetic pulse ampli- 
fier), 8, 95-211, 587; circuit design of, 

61-63, 115-146; current drivers for, 
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183-187, 192-199; design equations, 
118-127; input-output circuits for, 
180-191; logical design of, 106, 113, 
117, 147-179; systems design of, 153, 
174-179, 200-211; transfer loop, see 
Transfer loop 

Power, P, 33, 43; — amplification, 100; 
— consumption, 6; — converter, de- 
to-ac, 506, 507; — converter, dc-to- 
de, 506, 507; — cycle, 7, 8; — dissipa- 
tion, 467; — dissipation, density of, 
Pa, 285; — dissipation, diode, 76; — 
distribution, 322-327; — equation, 
magnetic core, 54; — gain, Kp, SMA, 
269, 273, 279-290, 296, 310, 330; — 
gain, effective, control SMA, 343, 344; 
— line frequency, 333; load, Pz, 463, 
464, 479; — oscillator, CMA, 534, 
535; — output circuits, 188, 189; — 
pulse, 270-275, 277, 291; — pulse, 
blocking, 311; — pulse, conditional, 
299; — pulse, peaked, 277, 311; — 
pulse regulation, 318-320; — pulse, 
sine-wave, 288-290; — pulse source, 
299, 583; — pulse, square-wave, 288, 
290; — pulse voltage biasing, 325, 
326; — source shaped-pulse, 278, 
347-351; — source, sine-wave, 270, 
279; — source, square-wave, 280, 31 1, 
312; — supply, CMA, 534, 535; — 
supply, SMA, 310-321; — supply, 
constant-voltage pulse, 310; — sup- 
ply, high-power transistor, 312; — 
supply output transformer, 312-320, 
325; — supply, sine-wave, 320, 339; 
— supply, square-wave, 312, 318- 
321; — supply, vacuum-tube, 312; — 
transformer, 312 

Preset, 86, 102, 181, 205, 206, 587 

Prime, 86, 102, 149, 448, 587 

Primitive set (logic), 89-91, 158, 298, 
345, 583, 587; AND-or-Nor, 90, 298; 
OR-NOT-INHIBIT, 90, 158; OR-INHIBIT, 
247 

Process control, 269, 270, 333-354, 415 

Program: computer, 166, 181, 344; — 
storage, 415, 417 

Pulse: clock, t, 83, 149-152; — counter, 
531; drive, 103, 218, 243, 244; ena- 
bling, 489-493, 498-501, 504; ena- 
bling, delay between, AR7’, 493, 409; 
extract, 260; — -forming network, 
198, 195, 198; —- gato, 628; insert, 
103; —= override, 149-150; read, 108, 
248, 244; —- reotifior olroult, 180, 
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190; — regulation circuit, 193; — 
sequences, CCM, 378-380, 382; see 
also Amplifier, Generator, Line, Logic, 
Power, Time, Transformer 


Quantizer, 483, 485, 515 


Ramey amplifier, 270, 334 

Ratio: current, forward/inverse, 296; 
discrimination, MMA, 558; disturbed 
signal (DSR), 381; flux gain, 557; 
flux-turns, 484; oNE-to-zERO dis- 
crimination, 385; partial remanence, 
y2, 49; partial squareness, Sp, 48; 
partial switching, y;, 49, 50; signal-to- 
noise (SNR), 220, 241, 365, 376, 382, 
421; see also Squareness 

Reactance, X, 524; capacitive, Xc, 524, 
529, 530; inductive, Xz, 524, 529, 
530, 535; total, 529-531 

Reactor, saturable, 348-350, 523-526 

Read, 85-87, 149, 360, 375, 395, 541— 
544, 587; destructive, 85, 87, 102, 149, 
360, 365, 448, 515, 584; — disturb, 
379; — flux, 556; — mmf, 481, 483; 
nondestructive, 85, 87, 233, 236, 361, 
415, 515, 538, 541-545, 562, 587: 
nondestructive, shift register, 236; — 
pulse, 102, 243, 244; repetitive, 233, 
236; — strobe, 387; see also Current 

Receiving core, 101, 102, 219 

Reference: flux, 34; — state, 86 

Register, 91, 503; address, 359; buffer, 
91, 175, 177; input, 175; memory, 
363, 365, 373, 395; one-bit storage, 
91, 247; parallel-parallel, 157, 233; 
serial-parallel, 156, 157; serial input, 
156, 157; storage, 91; see also Shift 
register 

Regulation: AGC, 319, 320; inverse- 
feedback, 319, 320; power pulse, 318- 
320; see also Zener diode 

Relay: compared with SMA, 277, 333, 
345-347; — in PMA output circuits, 
188, 189; — in SMA output circuits, 
309 

Remagnetization: dynamic, see Switch- 
ing; threshold, see Mmf 

Remanence, 24, 34; — ratio, partial, Yo, 
49; see also Remanent, Residual 

Romanent: — flux difference, bp, 35-38, 
44, 48, 588; — flux difference, major, 
bx! 35, 38, 461, 462; — flux difference, 
partial, ®ap, 48, 49; — flux state 
(remanent state); induetion differ. 
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ence, Br, 38, 339; — state, 24, 27, 
588; — state, major, 24, 35, 111, 474, 
539; — state, minor, 24; see also 
Remanence, Residual 

Reset, 61, 86, 473, 588; — -to-set turns 
ratio, 350; see also Current, Voltage, 
Winding 

Residual: — state, 22, 24, 588; see also 
Remanence, Remanent 

Resistance, R, 33, 43; base, Rs, 464-468, 
471, 479; bottoming, rs, 79; copper, 
Re, 120; load, Rx (transistor), 77; 
magnetizing, 315; network, Rn, 240; 
of switching core, equivalent, 57-60, 
64-66; set winding, R,, 343, 344; 
swamping, Rc, 402; transfer loop, 
132, 133; winding, SMA, 330; wire, 
578, 579; see also Resistor 

Resistor: base, RB, 458, 470, 476; 
damping, 405; feedback, CMA, 527, 
528; reset, RR, 472, 473; swamping, 
395, 402, 407, 408, 412; see also 
Resistance 

Resonance, 488, 530, 531; see also 
Ferroresonance 

Restore, 86, 87, 420, 542, 588 

Retentivity, 21, 373; — difference, Br’, 
38 

Ring-back, 204, 205 

Ringing, 230, 278, 317, 318, 422 

Ripple: — adder, 502, 503; — chain, 
493-504; — driver, 494; — logic, 489, 
492-504; — time, RT’, 493-504 

Rotation, see Domain rotation 

Row, 362; see also Driver, Winding 

Rule, logic, 92, 113, 116, 117, 174, 245, 
493, 586 


Saturation: core, 35, 459, 460, 527, 539, 
586, 588; — flux density, 524; — 
inductance, 281, 554; magnetic, 21, 
26; partial, 528; — ratio, carrier 
winding, 526; transistor, see Bottom- 


ing 

Scaler, 92, 254, 257, 258, 515; — core, 
484, 515; delay TMA, 257, 258; 
quantized flux, TMA, 483-487, 515 

Second (s), 42, 43; microsecond (us), 42, 
43 

Selection: address, 363; anticoincident 
word, 399; coincident, wired-core, 
419; coincident word, 399; — core, 
375, 398-408; core-diode, 400-402; 
diode, 368, 400, 403, 405-407; — 
element, address, 363, 368, 370, 375, 
393; multicurrent word, 407-412; 
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multidimensional, 368; redundant, 
368; square-core word, 368, 398-403; 
transformer word, 398, 403-405; 
word, 363, 368, 398-413 
Selenium diode, 350 
Sense, 588; — amplifier (memory), 70, 
363, 387; in TMA logic, 490-492, 
494-499, 502-504; see also Conduc- 
tor, Sensing, Winding 
Sensing, 85, 87, 351, 382, 386, 387, 587; 
input, 351; nondestructive, 562; see 
also Sense 
Set, 86, 588; AND-oR-NoT, 89; — bias 
current, Iz, 339; delayed, 346; — 
state, MMA, 541-545; — winding 
resistance, R,, 343, 344; see also 
Primitive set 
Sheffer stroke, 90, 298 
Shift code, 170-172, 254; see also 
Counter, Shift register, Shifting 
Shift register, 91, 103, 156-158, 167, 
181, 209, 211, 222, 225-227, 233-239, 
245, 246, 254, 255, 258-263, 301, 302, 
306, 329, 496, 497, 503, 504, 529, 531, 
546-548, 559-563, 586; bidirectional, 
233-237, 560, 561; end-around, see 
Shift register, recirculating; extract- 
ing contents of, 259, 260; inserting 
data into, 260; multidimensional, 
561;  m-core-per-(n-1)-bit (multi- 
phase), 127, 157, 158, 172; non- 
destructive-read, 233, 236, 559-561; 
open-ended, 236; parallel transfer 
between, 236, 237; parallel-parallel, 
see Register; parallel-serial, 156, 415; 
recirculating, 154, 209, 226, 504, 562; 
recirculating, one-bit, see Ping-pong; 
repetitive-read, 236; serial-parallel, 
156, 157, 233, 415; serial-serial, 154, 
155, 167-172; — storage, 415; two- 
core-per-bit, 104, 154, 204, 546-548; 
two-dimensional, 235-237, 560, 561; 
see also Shift, Shifting 
Shifting, 82, 91; delay PMA, 246, 247, 
249; — element, 91, 583, 588; level, 
509; MMA, 540, 546-548, 559-563; 
PMA, 99, 113, 154-158, 211; SMA, 
300-302, 306; TMA, 458, 480-483, 
495, 503, 504; see also Shift, Shift 
register 
Shock, mechanical, 6, 24, 25, 31, 211, 
327, 328, 524 
Signal: d-c level input, 83, 150; nature 
of, 83; output, 365, 378-383; sine. 
wave, 288, square-wave, 288; tele» 
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type, 175; — -to-noise ratio (SN R), 
see Ratio 

Silicon, see Diode, Transistor 

Single-phase circuit, see Delay PMA 

SMA (series magnetic pulse amplifier), 
8, 70, 99, 265-332, 5738, 574, 579, 
588; asserting, 270, 274-276, 300, 
326-327, 329; basic circuit, 270, 299; 
circuit design of, 279-297; comple- 
menting, 270-274, 276, 300, 329; 
component count, 276, 301, 332; 
computer, 332; core fabrication, 284, 
327, 328; frequency of operation, 280; 
logical design of, 344-347; output 
transformer, 312-318; packaging of, 
328, 330; power supply for, 310-321, 
322-325, 331; — register, 329; sine- 
wave operation, 288-290; system, 
322-332, 351-353; testing of, 329- 
332; — timing, 299-301; tolerance, 
280, 285; see also Control SMA 

Space: dielectric constant of, €, 43; 
magnetic field in, 16, 583; permea- 
bility of, see Permeability 

Square, sce Core, Hysteresis loop 

Squareness, 23, 37, 38, 335; — ratio, 
S, 23, 37, 38, 71, 284, 330, 339, 340, 
342, 364, 381, 574, 576, 588; — ratio, 
partial, Sp, 48 


Stainless steel, see Bobbin 
State (magnetic or functional), 5, 6, 20; 


clear, 86, 235, 540, 541, 583; clutter, 
85; data, 84-86; demagnetized, 21, 
513, 515, 584; fixed data, 84; flux, 34; 
flux, detector, 515; information, 84, 
85; interim, 85, 87, 542, 559, 567, 568, 
585, 588; major remanent, 24, 35, 110 
474; maximum remanent flux, 539; 
minor remanent, 24; ofr and on 
(transistor), 77; onx, 20, 50, 52, 364, 
541, 587; partially switched, 68; 
prime, 86, 587; reference, 86; rema- 
nent, 24, 588; residual, 22, 24, 588; 
set, MMA, 541, 544; zuro, 20, 50-52, 
364, 540, 589 


Storage, 5, 6, 8, 20, 24, 82, 88, 89, 104, 


246, 355-451, 494, 497, 589; analog 
quantity, 545; delay, 89, 91, 154, 158, 
345, 346, 584, 588; device, 20; — 
element, 91, 306, 335-346, 851, 360, 
562; energy (in inductance), 287; 
fixed (permanent), 414, 415, 417-423; 
minority carrier (diode and transis- 
tor), 80, 240, 286, 465; nondeatruc- 
tive-read, 415, 416; nonrandom. 
access, 415; output ciroulte with, 188, 
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190, 191; — register, 91, 415; small- 
capacity, 415; static, 89, 154, 155, 
157, 346, 588; — techniques, ad- 
vanced, 370-372, 428-451, 562; tem- 
porary, 218, 227; — time constant, 7,, 
80, 465; wired-core, 417-423: see also 
Memory 
Strobe, 491; for sensing, CCM, 384, 386, 
387, 421, 424 
Stroke: Peirce (JOINT DENIAL function), 
90, 298; Sheffer, 90, 298 
Subcarrier: — discriminator, 511, 512; 
— oscillator, 509-511 
Subroutine, 258 
Subsystem, 82, 91, 92, 118, 166, 499 
Subtract counter, 168-170, 258, 259 
Subtracter, 92, 261-263 
Sum, 172, 173, 261-263, 307, 502, 503; 
partial, 261-263 
Superconductive memory, 7, 371, 443- 
450; — element, 444-447; — fabrica- 
tion, 444, 450; liquid helium environ- 
ment, 447, 450 
Switch: column, 404; read, 406; write, 
406; see also Switching 
Switching, 27, 43, 589; as function of 
geometry and material, 28, 29; com- 
plete, 47, 50, 56, 61; constant-cur- 
rent, 27, 29, 44-46, 55, 56, 295, 297, 
583, 589; constant-voltage, 27, 47, 59, 
295, 297, 425, 460-462, 583; equiva- 
lent circuits, 55-61; fractional flux, 
145; — history, 66, 68, 71, 376-380, 
384; memory core, 366, 367; multi- 
aperture-core, 540-545; partial, 48- 
50, 61, 67, 68, 112, 208, 226-228, 235, 
240, 365, 483-485, 515; rotational, 
see Domain; thin film, 436-439; 
transistor, 77-81; Twistor, 431; wall 
motion, sce Domain; see also Charge, 
Charge-turns, Constant, Induction, 
Magnetizing force, Mmf, Resistance, 
Threshold, Time, Voltage 
Switchover, 477, 478, 508; see also 
Time, Voltage 
Symbol: basic quantities, 43; eyebrow, 
152; logic, 92, 103, 149-152, 174, 243, 
244, 300, 301, 345-347, 493-495; 
rounding-off, 122, 129; transfer loop, 
150, 174; see also Logic 
Synchronism, from asynchronous input, 
181-183, 308 
System (digital), 7, 84, 174, 200-211, 
$22, 499; — design, 92, 93, 174, 200— 
211, 822-882; digital communica- 
tions, 174-179, 210, 211; lovel-signal, 
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83, 90, 154, 562; PMA, 99; pulse 
signal, 83, 90, 562; storage, see 
Memory; — test, 208, 209, 330, 331, 
352, 353; see also Clock, Design, 
Timing, Units 


Tailout, 110, 123-124, 159, 209 
Tape: ferromagnetic, 28, 30, 430, 435; 
helically wrapped, 30, 430, 4381; — 
memory, magnetic, see Memory; 
metallic, 28, 30, 39, 284, 525, 587; 
metallic, thin, 28, 67, 435; metallic, 
ultrathin, 28, 30, 55, 61, 67, 430, 461; 
narrow, 284; — thickness, 28, 39, 
431; — width, 39; — -wound core, 
30, 55, 283, 327, 328; see also Core, 
Molybdenum permalloy, Nickel-iron 
Telemetry, 509-513 
Teletype, 148, 175 
Temperature: — coefficient, 220, 366, 
416, 577, 578, 580; — control, 506; 
Curie (Curie point), 25, 314, 366, 417; 
effects of, core, 6, 25, 31, 68, 70, 116, 
211, 220, 314, 366, 367, 416, 417, 484, 
506, 509, 510, 524, 525, 576-578; 
effects of, diode, 76, 229, 580, 581; 
versus switching constant, 577; versus 
switching flux, 576, 577; versus 
threshold mmf, 577, 578 
Terminology: functional, 82-93; logical 
design, 82-93; magnetic core, 33-52 
Testing: circuits, 208; components, 207, 
208; computer, 330; core, 69-72, 207, 
208, 329, 330, 339, 340, 574-579; flux, 
70, 339, 340; marginal checking, 331; 
package, 330; subsystem, 208; sys- 
tem, 208, 209, 330-332, 352, 353; 
system noise, 205, 208 
Thin, see Tape 
Thin film (magnetic), 28, 431, 435-443, 
450; conductor deposition, 442; fab- 
rication, 436; geometry, 436; insula- 
tion deposition, 442; LSM memory, 
440, 441; — memory element, 371, 
435-439; substrate, 436, 442; vacuum 
deposition, 371, 436 
Threshold: moving, MMA, 551-553; 
noise, 112; remagnetization, see 
Switching; superconduction, 443, 
444; switching, 22, 24, 365; switching, 
ratio, MMA, 544-553; see also Cur- 
rent, Field, Magnetizing Force, Mmf 
Thyratron, see Driver 
Time, t, 7, 33, 42, 43; access, 360, 583; 
clock, 88, 152, 243, 481, 547; collector 
current decay, 7, 466-468; cycle, 
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360, 428, 443, 584; delay, 337, 345- 
347; drive current rise, 118; 
inverse diode recovery, 76, 579; out- 
put delay, 292, 293; peaking, Tp, 367, 
380, 382, 383; — ratio, u, 49, 50, 64, 
460; — ratio, major loop, u’, 461, 462, 
479; read, 87, 103, 384; read current 
rise, 118; read strobe, 384; ripple, 
RT, 493-504; rise, (transistor), 79, 
574; switching, 7's, 27, 42, 45-49, 56, 
58, 70, 460-463, 589; switching, con- 
stant-current, 56, 574, 575; switch- 
ing, major loop, 7's’, 461; switch- 
ing, measurement, 70 207; switch- 
ing, versus mmf, 45-50, 118, 574, 575; 
switchover, 477-480, 506; tailout, 
123, 159; versus flux, 35, 36, 44-50; 
write, 87, 103, 384; see also Constant 


Timing, 8, 83, 91, 103, 148, 152, 473, 


491-504, 546, 547; — cycle, 149, 157, 
158; of logic operations, 113, 152, 
491-504; memory, 385, 386; multi- 
phase, 8, 157, 158; single-phase, 8, 
217, 243-245; submultiple clock, 152, 
168, 258, 308; system, 91, 92, 308, 
347; two-phase, 8, 299-301 


TMA (transistor-magnetic pulse ampli- 


fier), 8, 453-517, 573, 589; additive 
ripple logic, 489-504; analog applica- 
tions, 505-517; circuit design, 457- 
487; cores, 461, 463; delay, see Delay 
TMA; high-frequency operation, 473, 
495; logic symbols, 494, 495; logical 
design, 488-504; — MAD devices, 
512-517; — magnetometer, 516; — 
one-shot, nonsquare, 473; — scaler, 
485; shift register, 496, 497; tempera- 
ture compensation, 487; see also 
Oscillator, Transistor, Trigger 
Toroid, 15, 30, 41, 538; output, 541; 
see also Core 
TRAMAG, 453; see also TMA 
Transfer: conditional, 103, 149, 152, 
233, 243, 583; of data, 85, 88, 102, 
103, 584; parallel, 236, 237; — period, 
223, 224; unconditional, 103, 149, 589 
Transfer loop, 61-63, 85, 100, 149, 150, 
218, 219, 279, 337, 338, 481, 485, 589; 
back loop, 101, 102, 127, 137, 219, 
225; delay PMA, 218, 219; forward 
loop, 101, 102, 218, 219; grounding of, 
206; MMA, 546, 548, 553-555; noise 
in, 110-113; PMA, 100-118, 147; 
single diode (SD), 104-106, 121-181, 
147, 148, 537, 548, 579, 581, 588} 
split-winding (SW), 104, 106-110, 
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131-144, 147, 148, 588; switching in, 
206; symbols for, 150, 174, 248, 244 
Transformer, 312-318, 348-351, 535; — 
action, 29, 31, 54, 55; current, 62; — 
inductance, 405; output, 312-318, 
325, 506, 507; powdered-iron cup 
core, 535; power, 312; pulse, 61, 183- 
185, 189-191, 195-197, 203, 204, 312; 
pulse, as word selection element, 375, 
403-405; pulse, energy storage in, 403 

Transistor, 7, 8, 73, 77-81, 332, 405, 
426, 457-460, 462, 463, 469, 474, 476- 
480, 485, 490, 500; — drivers, 183, 
185, 196-199, 200, 201, 229, 230, 312, 
426, 443; — flip-flop, 83, 189; — 
sense amplifier, 387; — system, 208, 
211; — triggering from cores, 185; 
see also Bottoming, Delay TMA 

Transmission line effect, 200-201, 364 

Transmitting core, 101, 102, 219 

Trigger, 457, 458, 465, 469-472, 474, 
475, 480, 481, 487-495, 497-502; base 
current during, iz7, 470; — duration, 
Tr, 465, 471; — gating, 474, 475, 481; 
master, 499-501; — mmf, 237; — 
pulse duration, Tr, 493, 499, 500; 
Schmitt, 527; see also Flip-flop, Ping- 
pong, Triggering, Voltage 

Triggering: driver, 183-187, 192-199; 
false, 199, 206, 458, 480, 488, 491, 
511; partial, 206, 207 

Truth table, 89, 90, 307, 502 

Tube: electrostatic storage, 360; gas, 
198, 533; vacuum, see Vacuum tube 

Turns, NV, 13-15, 18, 33, 42, 43, 105, 118, 
119, 578, 579, 589; — ratio, K, 29, 
294, 330, 463-465, 470, 482, 485, 497, 
498, 555-557; — ratio, measurement, 
72, 208; — ratio, reset-to-set, 350; 
see also Charge-turns, Flux-turns, 
Mmf 

Twistor: fabrication of, 429, 430, 435; 
geometry of, 429, 430; history of, 429, 
430, 435; — memory, 431-435; — 
ey element, 360, 371, 417, 429- 
43 


Ultrathin, see Metallic tape 

Units, 7, 33, 38-43, 46, 47; convenience, 
33, 38-43, 46, 47; — conversions, 
7, 388-41 


Vacuum tube, 527; — computer, 211, 
831; — flip-flop, 83, 180, 360; — 
power oacillator, 536; <= power mp. 
ply, 312; —= syatem, 208; toohe 
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niques, 5, 82; triggering circuits for, 
185-187, 309; type 5881, 426; as 
word selection element, 368; see also 
Driver 

Value (TMA logic), 490-492, 494-498, 
501-504 

Variable, functional (or logical), 89, 90, 
243, 586, 587 

Vector: — field, magnetic, 11-19; mag- 
netic field intensity, 12, 586, 589; 
magnetization, 18, 429, 430; see also 
Field, Magnetizing Force 

Viewing winding, see Winding 

Volt (v), 43; —-second/turn, see Weber 

Voltage, v, V, 18, 19, 48; analog input, 
508; base, limitation of, 469; base 
winding, Vys, 464, 482; base-to- 
emitter, Vaz, 80, 81, 197, 464; bias, 
CMA, 532, 533; bias, delay PMA, 
231, 232; bias, SMA, 337; bias, TMA, 
458, 464-468, 482, 483, 489, 490, 498— 
500; bias supply, SMA, 348-350; — 
biasing, power pulse, SMA, 325, 326; 
bit-plane output, 383-385; bottoming 
(saturation, transistor), Vs, 79, 459, 
464, 465, 470, 479, 480, 482, 511; 
capacitor, PMA, 185, 189, 190; 
capacitor, SMA, 224, 225, 228, 232- 
234; capacitor, TMA, 483; carrier 
supply, CMA, 526; collector, limita- 
tion of, 469, 473, 474, 498; collector 
clamp, Vp, 469; collector supply, Vcc, 
77, 239, 240, 458, 463-473, 476, 479- 
482, 498-500, 507, 510, 514; collector- 
to-base, Ves, 479; collector-to-emit- 
ter, Vez, 79, 459, 463, 469, 473, 479; 
diode, Vp, 343, 344, 484; — drop, 
back-loop, 2Vp, 124; — drop, cou- 
pling network, 2Vz, 122, 123; ena- 
bling, 474, 489-491, 498-500; fly- 
back, Vr, 45, 459, 460, 463, 469, 472, 
474, 477, 489, 498; induced, 18, 29; 
input, 498, 508; input blocking, V,, 
294; load impedance, Vz, 183, 185; 
maximum, Vy, 44, 45; measurement 
of, 208; memory core output, 378- 
387, 421, 422; output, 478, 497, 507, 
508, 511, 513; peak, 383; power pulse, 
293; relation to current, 11; relation 
to magnetic field, 17-19, 118; reset, 
469, 498; reset, Z,, control SMA, 334— 
337, 342-344; reset supply, 348-350; 
rules, core conventions, 52; satura- 
tion, see Voltage, bottoming; set, Z,, 
control BMA, 884-337, 842-344; set 
supply, S48-350; stray capacitance 
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cancellation, 202-204; switching, Vs, 
55-57, 339, 340; switching, measure- 
ment of, 575; — switchover, 477; 
transient peak diode, Vp, 74; trigger, 
Vr, 465, 470, 475, 498, 499; write 
output, Vwo, 235 


Wall, see Domain 

Watt (w), 43 

Weber (W), 18, 19, 38, 43; —/ampere- 
turn-meter (W/at-m), 19, 41, 43; 
—/second, 18, 38; —/square meter 
(W/m?), 18, 39, 43; see also Micro- 
weber 

Winding, NV, 14, 105, 361, 362, 589; 
base, NB, 237-239, 458-460, 463, 
464, 467, 468, 470, 481, 485-488, 490, 
500; bias, 273, 327, 401, 402; bidirec- 
tional, 363; bifilar, 474, 475; bit- 
plane, 363, 393; by metal coating, 
412; carrier, 525-527, 562; carrier, 
inductance of, 525; carrier, saturation 
ratio, 527; clear, 101, 102, 538, 540, 
546; collector, NC, 237-240, 458-460, 
463, 464, 467-472, 476, 481, 485-487, 
490, 499, 500; column drive, 362, 393; 
control, 525, 526; d-c, 468, 472; 
decoupling of, 537, 538; drive, 218, 
373; effects of, core, 72; information, 
363, 411; inhibit, 363, 373; input, N2, 
101, 102, 105, 218, 219, 271, 334, 484— 
486, 538, 546; one-turn, 361, 362; out- 
put, V1, 101, 102, 105, 218, 219, 271, 
276, 277, 334, 458, 481-486, 498, 499, 
538, 546; output, inductance in, 
SMA, 287, 294; output/read, N1, 131, 
538; preset, 101, 102, 205, 206; pri- 
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mary, 54, 417; prime, 101, 102; read, 
NO, 101, 102, 105, 218, 219, 481; 
receiver bias, NBB, 550; reset, NR, 
472, 485, 486; reset, NO, 458; — re- 
sistance, set, Rs, 344; row-drive, 362, 
393; secondary, 54, 63, 417; sector, 
68, 230-233; sense, 363, 373-375, 393, 
420; special, 102, 205, 206; trans- 
mitter bias, NAB, 548, 549; unidi- 
rectional, 363; viewing, 101, 102, 
205, 206; word drive, 362; see also 
Inductance 


Wire: copper, 578, 579; ferromagnetic, 


429; paramagnetic conducting, 430; 
resistance of, 120, 578, 579 


Wiring: — logic, 90, 550, 563, 564; 


memory, 362, 363 


Word, 84, 359-361, 363, 364, 584, 589; 


— drive winding, 362; — time, 308; 
see also Selection 


Word-organized memory, see Linear- 


selection memory 


Wrap (of metallic tape), 30, 31, 39, 573, 
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Write, 85, 87, 149, 360, 361, 377, 544, 


545, 589; active, 86, 149, 243, 589; — 
disturb, 379; — flux, 556; passive, 86, 
149, 589; — switch, 406; — time, 103, 
384; see also Current, Driver, Voltage 


Zener diode, 485, 486, 506, 507 
ZERO (binary notation), 24, 31, 359, 589; 


— convention, 50-52; — peaking 
time, 7'pz, 383; read, 149; — signal, 
379, 380; — storage, 20, 51; see also 
State 


